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simply for the good time we have spent together.
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Cam bridge, besides supplying constant insights in the understanding  of our results. 
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“this thesis would not be in this form if it was no t fo r ...”. Well, I can certainly say 
that this thesis would n o t be in this form(at) w ithout the help of A lexander de Boer. 
H e would have certainly done a better job  and solved in a m ore elegant way the few 
troubles I encountered. To Alex I am also grateful for his great suggestions with
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I will never forgive A ndrea Parlangeli for provoking my claustrophobia during 
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beginning of my project. I also would like to thank Marc Boonm an and Urs 
Wyders, for their friendly com pany in the office at the beginning of my stay in the 
lab.
All the technical and scientific staff of the H igh Field M agnet Laboratory have 
always been very supportive and helpful; therefore I would really like to thank them  
all: H arry  Balster, A dri Michielsen, H enk Neijenhuisen, Jos Rook, Jan  van Bentum , 
Jos Perenboom, A ndrei Geim, Stef Wiegers, Stef Olsthoorn, M arta Lange and Ine 
Verhaegh. Lijnis has done his very best to make som ething reasonable ou t of my 
absurd drawings, besides never giving up helping m e with my Dutch. Lijnis, I am 
sorry to tell you this, b u t I am afraid your efforts were a bit useless! W ith great 
pleasure I would like to thank H ung  for all his help with com puter business and 
mostly for his gorgeous laughter which still makes me smile when I think about it.
A special word goes to the “giant” M aarten, “king of the dow nload”, “m aster of 
the swimming pool”, and always a m an to count on for one (or m ore than one) 
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am extrem ely grateful for making sure I won every official football m atch I played, 
and waited until my absence before losing one. I still rem em ber the relief shared 
with Maaike for the end of our “uitstappje”. Igor has showed me the most amazing 
facial expressions in my life. I t has been a great pleasure to m ake use of Cecile’s 
organizational skills in the optics lab, as well as chatting with her about travels and 
holidays. Marius and Kostya have been the best of friends, at work, bu t especially in 
life. My feelings for you guys go beyond words, and I am  confident you know that. 
Dear Cecilia, I have the dearest memories of the time we spent together. I have 
never been able to give you the support you gave me. I like to think there is a lot of 
you in this work, like in many other things I have done.
Despite all the fun at work, life in Nijm egen would have not been easy if it was 
not for all the friends I have spent my time with, out of working hours: Alessandra, 
Maria, Graziana, Anthony, Florian, Wil, Muriel, Mona, Marjolein, Irina, Alexei and 
Alla, Maria, H enrik, Andrea e Monica, Luca, Andi, Iulia and little Anam aria (who is 
probably not that little anymore). I hope our roads will m eet again, and to be
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T he interaction of light with m atter has always been one of the central themes in 
physics. T he foundation of quantum  mechanics is partially based on experim ents of 
the photoelectric effect, which dem onstrated the quantum  and particle character of 
a stream  of photons. Subsequently the dual natu re  of light that can be described as 
wave or particle has been constantly reconfirm ed. W hen light interacts with m atter 
it produces an excitation of the m aterial and therefore optical experim ents always 
probe the excitation of a solid. T he simplest excitation is the exciton which is 
observed when light prom otes electrons from fully occupied states (valence band), to 
em pty states (conduction band). Excitonic effects, due to the electron-hole Coulomb 
interaction, are relevant for all optical in terband absorption effects in ionic crystals, 
ra re  gas crystals and m olecular crystals, bu t are particularly im portant in 
semiconductors.
Excitons can be roughly divided in two types, according to the description used 
for the electronic states in the solid in which they are excited. In  molecular crystals 
the electronic states are generally described in terms of atomic or m olecular states, 
m eaning that the electronic wavefunctions are built up  from  the atomic or 
m olecular wavefunctions by requiring translation invariance with respect to the 
nuclei (tight binding approxim ation). In  this case the first excited state corresponds 
to an electron-hole pair localised at one site, with typically a large binding energy, 
and is generally known as a Frenkel exciton [1]. I t is im portan t to note that in 
m olecular crystals electrons and holes are not moving from  site to site and therefore 
Frenkel excitons represen t the way in which energy is transferred along the 
m edium  without charge transport.
T he second type of excitons, studied in this thesis, is the one in troduced by 
W annier [2] for semiconductors. In  terms of solid state theory, a sem iconductor has 
electronic properties described by energy bands, where the electron m otion is 
similar to that of a free electron, with a different (effective) mass. T he g round  state 
o f a sem iconductor has a full valence band and an em pty conduction band 
separated by an energy gap. In  the excited state an electron is prom oted from  the 
valence band to the conduction band. Due to the Coulomb attraction between the
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excited negatively charged electron and the positively charged hole in the valence 
band a new bound state is formed, with energy slightly lower than the band-gap. 
These Coulomb bound electron-hole pairs are known as W annier excitons (X). In  
contrast to Frenkel excitons the spatial extent of W annier excitons (the B ohr radius) 
is m uch larger than the lattice constant, leading to a m uch smaller binding energy. 
In  a three-dim ensional sem iconductor the exciton binding energy may be so small 
that a t room  tem perature it can be reasonably neglected. However, with decreasing 
tem perature and/or with decreasing dimensionality (such as in quantum  wells wires 
and dots), excitonic effects become im portant, and dom inate the optical response at 
energies around  the band-gap energy.
T he reason why the exciton has attracted an enorm ous am ount of scientific 
attention, both  theoretically and experimentally, stems not only from  its im portant 
role in the physics of semiconductors, bu t also, because it can be considered as a 
m odel system. T he exciton complex is m ade up  of two particles of opposite charge. 
However as a whole the exciton is electrically neutral, which makes it fundam entally 
different from  its constituents. An additional difference is that an exciton is a 
quantum  of electric polarisation, and as such it can couple with light. It depends on 
the physical conditions which of the two pictures (neutral particle or electron-hole 
complex) is dom inant.
T he exciton is often considered to be the sem iconductor analogue of the 
hydrogen atom [3]. U nder the influence of the host sem iconductor, that is the effect 
of the effective electron mass and the dielectric constant, the excitonic binding 
energy is about one thousand times smaller than in H, and the Bohr radius is about 
one h u n d red  times larger. As a consequence the exciton is m uch m ore sensitive to 
the effects of externally applied electric and m agnetic fields, which enables the 
investigation of complexes of charges u nder extrem e experim ental conditions to test 
the physical models. Similar studies on H would require  m uch higher field 
strengths.
Apart from  the two-particle exciton complex which has been studied extensively 
over the last decades, recently it has been shown that also exciton complexes 
consisting of th ree or m ore particles can be created, for instance by attaching a third 
charge to a photo-excited X. In  practice this can be done adding doping to a thin 
sem iconductor layer, which has led to the observation of negatively charged (two 
electrons and one hole) [4] and positively charged (one electron and two holes) 
excitons [5], which are the analogues of respectively the H - ion and the H 2 + 
molecule. Especially negatively charged excitons have been widely investigated as a 
quantum  m odel system for electron-electron interactions (see the introduction of 
C hapter 5 and references therein). Ideally, adding extra charges one by one would 
allow the creation of systems with the desired num ber of charges. In  this way it 
would be possible to fill the gap in the understanding  of the physics of single 
particles and  that of m any particles. Both the extrem es have been well studied, but
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the interm ediate regim e is basically unexplored. In  two dimensions it has not been 
been possible to observe complexes with m ultiple charges. However systems of one 
hole and three or even four electrons have been reported  for lower dim ensional 
structures [6].
T he main interest of this thesis is to study the transport of the centre-of-mass of 
excitonic complexes with respect to the sem iconductor host material. M ore 
specifically this thesis investigates the m otion of excitons and negatively charged 
excitons in sem iconductor quasi two-dimensional structures (quantum  wells). It is 
very tem pting to treat such an electron-hole complex as a particle with a finite mass 
and velocity, the m om entum , and to consider the possibility to observe it as an 
entity moving with respect to a reference system. In  a quantum  well, the binding 
energy of excitons and negatively charged excitons is sufficiently large to study these 
systems at low tem perature. From  an experim ental point of view, the choice of 
studying exciton transport in the plane of a QW also follows from  the fact that it is 
relatively easy to record  an image of the 2D m otion (which would not be possible for 
bulk).
T he main motivation for this thesis originates from the m odel natu re  of these 
systems. Let us first consider neutra l excitons. Like electrons and holes they also 
have parabolic energy dispersion and an effective mass. But unlike electrons and 
holes, excitons have no charge. T he response to electric fields or disorder is 
therefore totally different than that of free charges. Studying the m otion of excitons 
in a sem iconductor m aterial serves as a new source of inform ation regard ing  the 
transport of neu tra l 2D particles as opposed to their charged counterparts. In  the 
case of electrons for example, the regim e of very low scattering rates and vanishing 
disorder has been extensively explored, and features related  to ballistic m otion [7] 
and weak localisation [8] have been widely studied. T he same kind of studies for 
excitons are currently  missing, mainly because it is generally believed that exciton 
m otion at low tem perature is strongly limited by disorder.
A nother im portant difference between excitons and electrons is related to the 
fact that excitons can couple with light. It is well known that in three-dim ensional 
crystals, due to translational invariance coupled exciton-photon modes, exciton- 
polaritons, are the real eigenstates of the H am iltonian of the light and m atter 
interaction [9]. In  two-dimensional systems, like a quantum  well polaritonic effects 
are generally considered to be negligible and it is only with the use of microcavities
[10] that they can be strongly enhanced. However the results that will be presented 
in chapter 4 show that in very high quality quantum  wells, the picture of excitons 
moving in a d isordered potential in a diffusive fashion is no t satisfactory. In  that 




In  the case of charged excitons, the observation of the m otion of their centre-of- 
mass is of m ore basic interest, because since their first experim ental observation [4] 
there has been a controversy on w hether charged excitons can exist at all as free 
particles. It has been hypothesised that charged excitons are always localised in 
electrostatic potential fluctuations generated  by the ionised donors in troduced in 
the m aterial to provide the extra charges necessary to form  the charged excitons 
[11,12]. A localised charged exciton can therefore no t be used as a m odel system for 
the interaction between charges only.
T he charge neutrality of excitons also affects the influence of an external 
m agnetic field on their motion. W hen an electron moves in a m agnetic field it 
experiences a Lorentz force perpendicular to its velocity. In  the case of an exciton, 
due to their opposite charge, the electron and the hole each feel a Lorentz force in 
opposite directions. T he overall effect is an increase in the exciton effective mass, 
which results in a modification of their motion, fundam entally different from single 
charged particles. In  the case of charged excitons, a behaviour similar to electrons is 
expected, which makes it interesting to study simultaneous m otion of excitons and 
charged excitons in a m agnetic field.
Besides studying exciton motion, the work presented  in this thesis aims to 
investigate the possibility of m anipulating the propagation of optical excitations by 
external forces. Electrons and holes can be guided in a particular direction by the 
application of a voltage. A large num ber of experim ental studies on the physics of 
semiconductors are perform ed in this way. F urtherm ore it forms the base of 
electronic devices commonly used. A similar possibility for optical excitations has 
scarcely been explored and has never been dem onstrated.
T he reason why experim ental studies on exciton transport are scarce is mainly 
because it is difficult to measure. Electron transport is m easured by applying a 
voltage between two contacts to the sample and m easuring the cu rren t flowing from 
one contact to the other. This technique cannot be applied to excitons because they 
are neutra l and hardly respond to electric fields. At first sight one could study the 
charged exciton m otion in a similar way to electrons. However the am ount of 
electrons present in the m aterial is normally so high that it is not possible to 
distinguish between electron and charged exciton currents. Therefore, this thesis 
uses a new approach based on an optical imaging technique. W hen an exciton 
(neutral or charged) is created optically by a laser, after a certain time (the exciton 
lifetime) it recombines em itting photoluminescence. I f  this emission occurs from  a 
point different from  the one w here the excitation had taken place, it means that the 
exciton has moved during  its lifetime. By recording a picture of the em itted 
photolum inescence and com paring its size with that of the excitation spot one can 
therefore m easure the exciton motion.
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T he thesis is divided in six chapters that contain the following subjects. In  
chapter 2 the concept of quantum  well excitons and negatively charged excitons, 
and some theoretical aspects of the exciton m otion are introduced.
In  chapter 3 photolum inescence spectroscopy is explained and the details of the 
experim ental setup which has been developed to perform  spatially and spectrally 
resolved photolum inescence are described.
C hapter 4 deals with the m otion o f neutra l excitons in high quality quantum  
wells. T he main finding of the experim ent is the observation of exciton m otion over 
large distances for high quality quantum  wells. T he data analysis shows that bare 
exciton diffusion cannot explain the data in the case of vanishing disorder, which 
makes it necessary to consider the propagation of exciton-polaritons.
C hapter 5 dem onstrates that in the highest quality samples negatively charged 
excitons are mobile by observing their diffusion and their drift in an external 
electric field. These results show that charged excitons can exist as free particles 
which fu rtherm ore can be m anipulated by means of external fields.
T he experim ent described in chapter 6 aims to investigate the effect of an 
external m agnetic field on the m otion of excitons and charged excitons. I t  is shown 
that the m agnetic field polarises the electron population and affects therefore the 
local form ation of charged excitons according to the spin states of the three species.
Finally, the possibility of m anipulating neu tra l excitons by means of m agnetic 
field gradients is explored in chapter 7. T he exciton energy varies with m agnetic 
field. As a consequence in inhom ogeneous fields excitons tend to move to the local 
m inim a of their m agnetic energy. T he results show that a large m agnetic field 
gradient and  therefore a m agnetic force can be generated  by positioning 
m icrom agnets on top of the sample, showing the possibility of m anipulating and 
control the propagation of neu tra l optical excitations in a quantum  well plane by 
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Chapter 2
Electron-hole complexes in semiconductor 
quantum wells
Abstract
The concepts o f semiconductor quantum wells (QWs), quantum well excitons (X) 
and charged excitons (X-) are introduced, followed by the description o f the 
materials used in the rest o f the thesis. Furthermore an introduction to the motion of 
excitons in quantum wells and to the scattering mechanisms that limit their motion 
is given.
2.1 Introduction
T he band  structure of an intrinsic sem iconductor is characterised by a 
completely filled valence band  and an em pty conduction band, separated by a finite 
energy gap. U pon illum ination with photons with an energy larger than the ban d ­
gap, an electron is excited to the conduction band, leaving behind a hole in the 
valence band. Due to the m utual Coulomb attraction between the negatively 
charged electron and the positively charged hole, a bound state generally known as 
exciton, is formed. T he exciton may be regarded  as the sem iconductor analogue of 
a hydrogen atom. After a finite time the electron recombines with the hole u nder 
the emission of a photon. Excitons dom inate the optical properties of 
semiconductors, particularly at low tem perature, when the therm al energy is too 
low to dissociate them. If  extra charges are present in the sem iconductor, an exciton 
can trap one of them  giving rise to a three-particle system known as charged 
exciton, with either a negative or a positive charge. T he binding energy of both 
excitons and charged excitons increases substantially by decreasing the 
dimensionality of the sem iconductor structure. Therefore, two-dimensional 
quantum  well structures are ideal to investigate and explore excitonic effects. As a 
m atter of fact, due to the small binding energy of charged excitons in bulk (3D)
Electron-hole complexes in semiconductor quantum wells
materials, charged excitons have only been observed in quantum  wells, wires and 
dots.
This thesis deals with the experim ental study of the low tem perature (T <50 K) 
in-plane m otion of excitons and negatively charged excitons in sem iconductor 
quantum  wells, with and w ithout the application of external electric and m agnetic 
fields. This chapter introduces the basic concepts necessary for the rest of the thesis, 
and is organised as follows. In  section 2.2 the quantum  well energy band structure 
of the conduction and valence bands is introduced, and the effects of the Coulomb 
interaction that leads to the form ation of excitons and charged excitons are 
explained. In  section 2.3 a brief description of the materials used in the thesis will be 
given. Finally the in-plane m otion of excitons in a quasi two-dimensional structure, 
with particular emphasis to scattering mechanisms that limit the lateral exciton 
transport in the tem perature range of interest will be treated is section 2.4.
2.2 Excitons in semiconductor quantum wells
2.2.1 Semiconductor quantum wells
T he energy dispersion relation of electrons (holes) in a bulk sem iconductor 
a round  the m inim um  of the conduction band (maximum of the valence band) is 
usually described by a parabolic band  with an effective mass:
h 2 , 2
E = E c (v) + ( -  (2.1)
2 m e ( h )
w here Ec(v) is the m inim um  (maximum) of the conduction (valence) band, and me(h) is 
the effective mass of electrons (holes). k denotes the m om entum .
A sem iconductor quantum  well (QW) consists of a thin layer of one type of 
sem iconductor m aterial with a certain band-gap energy (GaAs or CdTe), 
sandwiched between two thicker layers of another sem iconductor m aterial with a 
h igher band-gap energy (AlxGa1-xAs or C d1-xMgxTe) [1]. T he difference in band-gap 
energy introduces a potential well along the growth direction in both  the 
conduction and valence band (Figure 2.1a), which leads to energy quantisation if 
the interm ediate layer is thin enough. T he quantised energy levels en can be 
calculated in the envelope function approxim ation [2], which allows to write the 
Ham iltonian of the sem iconductor quantum  well as that of a standard  1­
dim ensional finite quantum  well:
h 2 d2
H = -  ----------- 2  + VC(V)( z) (2.2)
2me(h) dz2
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a b EA
Conduction band








Figure 2.1: a) Scheme of the energy band for a quantum well system. The 
difference in energy gap between the semiconductor in the well and in the 
barriers acts as an effective potential so as to create quantised energy levels for 
both electrons and holes in the quantum well. b) Energy dispersion relation for 
electrons and holes in the plane of the quantum well.
w here the z-axis has been chosen along the growth direction and  Vc(h)(z) is the 
energy level of the m inim um  (maximum) of the conduction (valence) band.
T he resulting dispersion relation for electrons (holes) reads:
w here £n are the quantised energy levels of the 1-dim ensional quantum  well along 
the growth direction, and the second term  represents the kinetic energy in the 
plane of the QW.
T he electron (hole) m otion is therefore restricted to the 2D (x,y) plane of the 
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and is therefore independen t of the energy, and m ost im portantly, is finite at the 
m inim um  (maximum) of the conduction (valence) band  w here all the relevant 
optical processes take place.
In  the approxim ation of infinite barriers £n is related  to the effective mass and to 
the QW (L) width:
_ 2 h 2
e „ = n 2 ----------j  n = 1,2,... (2.5)
2me(h)L
This discussion of the band  structure in terms of parabolic bands, characterised 
by a given effective mass, is often sufficient for electrons, b u t for holes the situation 
is m ore complicated. T he valence band  arises from  p-states (orbital angular 
m om entum  l=1) of the cation, which due to spin-orbit coupling results in three 
distinct hole energy bands, the so-called heavy-hole (total angular m om entum  
J =3/2, mj=±3/2), the light-hole (J=3/2 and mj=±1/2) and the split-off band (J=1/2, 
mj=±1/2). In  bulk m aterial the heavy- and light-hole bands are degenerate. T he 
split-off band is m uch lower in energy, which means that it plays no fu rther role in 
this thesis and therefore will be neglected. Due to the difference in mass of the 
heavy- and light-hole bands, the confinem ent in a quantum  well lifts their 
degeneracy. T he result is an in-plane dispersion featuring two branches 
corresponding to the two different bands, in which the so-called heavy-hole has an 
effective lighter in-plane mass than the so-called light-hole (figure 2.1b).
T he dimensionality can be further reduced  in m ore than one direction, creating 
quantum  wires (QWRs) or quantum  dots (QDs) [3].
2.2.2 Quantum well excitons
In  order to determ ine the energy spectrum  of the exciton, the H am iltonian can 
be w ritten in terms of centre of mass (R) and relative (r) coordinates:
H x = -  —  V r 2 -  —  V r2 + — (2.6)
X 2M 2mr er
where M =m e+mh is the total exciton mass, mr=((me)-1 + (mh)-1)-1 is the reduced  exciton 
mass and  £ is the dielectric constant of the sem iconductor host material. T he centre 
o f mass term  describes the m otion of the excitons as a whole with respect to the 
sem iconductor lattice, while the term  in relative coordinates is very similar to the 
problem  of the H ydrogen atom. Excitons are therefore generally regarded  as 
hydrogen-like complexes em bedded in the semiconductor, resulting in modified 
energy and length scales expressed in terms of the effective Rydberg and Bohr 
radius, given by:
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„  . m r 1 „  , m0
Ry* = —r— — Ry ; aB* = e - 0-  aB (2.7)
m0 e 2 V
w here Ry and aB are the atomic H ydrogen binding energy (13.6 eV) and Bohr 
radius (0.0529 nm) respectively. For typical values of the effective masses and 
dielectric constants of sem iconductor materials exciton binding energies are 
approxim ately 1000 times smaller and Bohr radii are 100 times larger than those of 
atomic Hydrogen.
W ith decreasing dimensionality the exciton binding energy increases and in the 
limit of a purely two-dimensional case the effective Rydberg is given by [4]:
R 2D = 4R 3D (2.8)
As in a QW the heavy- and light-hole energies are non degenerate, the 
corresponding heavy- and light-hole excitons are also non-degenerate in energy, 
with a splitting that increases with decreasing well thickness.
In  a real QW  the exciton wavefunction penetrates the barrier layers and has a 
finite ex ten t in the growth direction. Therefore the system is no t truly 2D; the 
excitonic binding energy therefore depends on the well width and  depth , and has a 
value in between that of the 3D and 2D limits. However, for simplicity, excitons in 
QWs will be re ferred  to as QW-excitons or 2D-excitons.
2.2.3 Modulation doping of a quantum well and charged excitons
A m ajor developm ent in the physics of low dim ensional sem iconductors is the 
introduction of m odulation doping [5,6].The wide band-gap m aterial is doped and 
therefore the charge from  the donors can be transferred  to the lower band-gap 
m aterial (figure 2.2). Due to this charge transfer the energy bands will be ben t 
caused by the electrical potential. T he charge separation concept enabled the 
introduction of a high carrier concentration in the active layer w ithout the 
introduction of im purities that drastically limit the carrier mobility. This has allowed 
the realisation of high mobility two electron gases (2DEG’s) and the study of 
fundam ental quantum  effects, in particular the fractional quantum  Hall effect [7].
M odulation doping has been used here to introduce a small am ount of extra 
carriers (electrons) in a quantum  well. If  a low concentration of extra charges is 
p resen t in the material, the exciton (as shown in figure 2.2) can form  a charged 
exciton (or m ore simply a trion) [8]. According to the sign of the extra charge the 
trion is either negatively (X-) or positively (X+) charged, and it can be seen as the 
analogue of the negative hydrogen ion (H-) or of the positive H ydrogen molecule 
(H 2 +) respectively. T he binding energy of the second charge is quite small in bulk 
materials, and therefore unam biguous p ro o f of the existence of trions was only 
obtained after the advent of high quality remotely doped QW structures. T heir 
confinem ent along the growth direction enhances the binding energy of excitonic
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Figure 2.2: The concept of modulation doped quantum well 
structure with a 2DEG. A photo-excited exciton can capture an 
extra electron to form a negatively charged exciton X-.
complexes. Experimentally, optical emissions of negative trions have been observed 
in CdTe- [9], GaAs- [10], and ZnSe- based QW structures [11]. F urtherm ore the 
existence of positive trions (X+) has also been dem onstrated [12,13]. In  this thesis 
only negatively charged excitons will be considered.
2.2.4 Effect of a perpendicular magnetic field
Free carriers
W hen a m agnetic field is applied perpendicular to the QW plane, the 
H am iltonian describing free electrons (holes) in the plane becomes:
h2 e2 B2 x2
He(h) = - T------ V + ~  ------+ gMEBzSz (2.9)
2me(h) 2me(h)
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Magnetic Field (T)
Figure 2.3: Dependence of the electron (dotted lines) and exciton (solid lines) 
energy on the magnetic field. The first four Landau levels in the case of a 
GaAs QW are plotted. For excitons the first four s-states are plotted.
w here z is the growth direction, x reflects the centre coordinate of the cyclotron 
m otion in the plane, g is the electron g-factor, /IB is the B ohr m agneton and S the 
electron spin operator.
T he last term  in this H am iltonian corresponds to the Zeeman effect. T he x- 
dependen t p a rt of the H am iltonian leads to quantisation in the so-called Landau 
levels with energies En=(N +1/2) heB/me(h) [4]
T he total energy spectrum  is given by:
hmc ± -gM BB z (2.10)
where 0)c= eB/m is the electron cyclotron frequency and £n the subband energy.
Equation (2.10) can be in terpreted  in the following way: each carrier subband 
(label n) splits into Landau levels (label N), each of which is split in two spin 
com ponents by the Zeeman splitting. T he first few Landau levels have a linear field 
dependence of the energy levels (in figure 2.3). W ith exception of m agnetic
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semiconductors that will be treated  later the energy splitting between the two states 
with the same spin is ho)c, the cyclotron energy.
In  a classical picture carriers in the lowest Landau level move in a circular orbit 




T he H am iltonian of QW excitons in the parabolic band  approxim ation equals 
that of a H ydrogen atom  in two dimensions [14]. T he eigenvalue problem  can be 
w ritten in the cylindrical relative coordinates p = (re-rh) and ^:
d 2








me + mh dÿ
em  = y Ts. m 
me + mh
h mem
w here p and ^  are the radial and angular coordinates, y= f^fic/2 Ry, all energies are 
expressed in Rydbergs and all lengths in Bohr radiuses.
T he solutions of equation (2.12) are strictly connected to those of the H ydrogen 
atom  problem . T he eigenvalues of the radial p art depend only on m. For m = 0 the 
solutions are the 1s, 2s etc. solution of the H ydrogen atom. For m = ± 1  the solution 
correspond to the 2p-states b u t no 2p0 is found because for m = 0 the radial p a rt is 
equal to that of the s-states. Similarly the d-states exist only for m = ± 2  and so on. 
T he s-states, which are the optically active states, are plotted in figure 2.3. It can be 
noticed that a t high fields they tend to be associated with a Landau level. This is due 
to the fact that a t high fields the leading term  in (2.12) is the m agnetic field, 
pertu rbed  by the Coulomb interaction. For low values of B the field can be treated 
as a perturbation  of the Coloumb interaction [4].
1
2p
m„ — m he
2.3 The materials
T he experim ents described in this thesis were perform ed on three kinds of 
QWs, GaAs/AlxGa1-xAs, CdTe/CdM gTe and CdM nTe/CdM gTe. Some of the 
im portan t m aterial param eters are sum m arised in table 1.
GaAs/AlxGa1-xAs QWs are the first kind of QWs grown after the introduction of 
advance growth procedures like MBE (molecular beam  epitaxy) and MOPVD 
(metal-organic vapour phase epitaxy). Due to the relatively good m atch of the lattice 
constant between barrier and QW, it has been possible to grow very high quality 
samples with very high electron mobilities. T he band-gap of bulk GaAs depends on
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Table 1: typical values of some im portant parameters for GaAs and 
CdTe. The effective masses refer to the 3D values. The exciton 
binding energy depends strongly on the well width, this values 
have to be considered as an average.
GaAs CdTe
m e/m0 0.067 [16] 0.08 [17]
mhh/m0 0.45 [16] 0.60 [18]
mlh/m0 0.08 [16] 0.18 [18]
Ebind X (bulk) ~  4.2 meV ~  10 meV
Ebind X" ~  1 meV [10] ~  3 meV[9]
Ebind X ~  8.5 meV [19] ~  20 meV
6r ~  12 ~  10
tem perature, ranging from 1.43 eV at room  tem perature, to 1.52 eV at 4.2 K [15]. 
T he values of the effective masses in table 1 refer to the bulk material. In  a QW  the 
hole masses are modified by the complex structure of the valence band (see 
paragraph  2.2.1).
CdTe/CdM gTe belongs to the II-V I semiconductors. T he excitonic effects are 
stronger than in GaAs, due to the larger binding energy (see table 1).
T he param eters of CdM nTe/CdM gTe are quite similar to CdTe/CdM gTe, with 
exception of the large effect of the Mn spins in m agnetic field. T he magnetic atoms 
of Mn introduced in the QW interact with the electron spins giving rise to a large 
Zeeman splitting (see figure 3.5), which depends on the Mn content and can reach 
values of approxim ately 50 meV. Because of this very strong field dependence, 
CdM nTe/CdM gTe has been used to study the effect of a spatial g rad ien t of the 
m agnetic field on the excitons (chapter 7).
2.4 Exciton motion in semiconductor quantum wells
2.4.1 Microscopic approach: particle diffusion
Studying the m otion of excitons means in general to follow the time evolution of 
their distribution in space and velocity, which can be described by a distribution 
function f(v,r,t). We start treating excitons as non-interacting particles satisfying the 
kinetic Boltzmann equation:
29
Electron-hole complexes in semiconductor quantum wells
d f(v ,r , t) = _ v  (v , r , t) _  M  F  -V v f  (v, r, t ) + 
dt M
+ 1  v' { f  ( v ', r, t )S  ( ,  v )_  f  ( v, r, t ) S (v, v')}+ G(v, r, t) _  R( v, r, t )
(2.13)
w here  M  is the to tal exciton  mass (as defined  in  section 2.2.2), F is an  ex te rn a l force, 
S(v’,v) is the  probability  for an  exciton  to scatter from  velocity v’ to velocity v. T h e  
first te rm  on  the  r ig h t h a n d  side o f  (2.13) is the  physical flow o f particles with 
velocity v in  the  p o in t r. T h e  second  te rm  is the varia tion  in  the  d is tribu tion  o f 
particles w ith velocity v in the  p o in t r  d u e  to the  acceleration re su lting  from  an 
ex te rn a l force. T h e  te rm  w ith the  su m  takes in to  accoun t all the  scattering  events 
th a t increase the  a m o u n t o f  particles w ith velocity v by chang ing  the ir velocity from  
v’ to v, an d  those th a t decrease it d u e  to the  opposite  m echanism . Finally the  term s 
G an d  R a re  respectively the  g en era tio n  ra te  (for exam ple via optical excitation) an d  
the recom bina tion  ra te  (for exam ple radiatively).
A ssum ing th a t in  every p o in t the  d istribu tion  in  velocity is app rox im ate ly  given 
by the  M axw ell-B oltzm ann d is tribu tion  an d  in teg ra tin g  in  the  velocity space, one 
obtains the  well know n diffusion equa tion  [20]:
w here  n (r) is the  exciton co n cen tra tion  an d  the  last te rm  is the  rad iative 
recom bination , w ith T the  rad iative lifetime. I f  (like in  the  case o f  the experim ents 
p re sen ted  in this thesis) we consider a steady sta te  case (concen tration  in d e p e n d e n t 
on  time) the  r ig h t h a n d  side o f  equa tion  (2.14) is zero. T h e  d iffusion constan t D 
takes in to  accoun t all the  scattering  events. In  the  re laxation  tim e ap p ro x im atio n  D 
can be  w ritten  in term s o f  the sca ttering  tim e Tscatt, w hich is the  average tim e after 
which an  exciton experiences a sca ttering  event:
D = TcatL k T  (2.15)
M
A lthough  the  exciton as a w hole is n eu tra l, it is som etim es conven ien t to define 
an  exciton  m obility, in analogy to the  elec tron  one, using the  E instein  relation:
I f  we suppose  a G aussian spatial profile  for the  injection ra te , equa tion  (2.14) 
has a non-analy tic  solu tion  th a t d ep en d s o n  the  p ro d u c t Dt in  a sub linear way. An 
indicative descrip tion  o f  how  the  solution evolves w ith increasing  D  for fixed t is 
show n in figure  2.4a w ithou t an  ap p lied  ex te rn a l force. T h e  effect o f  the  force is 
show n in figure  2.4b. For co n stan t D an d  t  the  effect o f  the  force is to p ro d u ce  an  
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a) b )
P o s itio n  ( |im )  P o s itio n  ( |im )
Figure 2.4: Solution of the steady state diffusion equation. a) Dependence of the calculated 
curve on the diffusion constant for constant lifetime T = 500 ps. b) Dependence of the 
calculated curve on an external force F=eE for constant D = 10 cm2/s and T = 500 ps. The 
dashed curve represents the laser injection curve G(r).
m obility defined  by equation  (2.16). In  the  case o f  figure 2.4b the  profiles are  
calculated considering  a co n stan t electric force F = eE .
2.4.2 Exciton scattering mechanisms
T h e  scattering  tim e an d  th e re fo re  the  m obility a re  d e te rm in ed  by the  QW  
excitons scattering  m echanism s. T h e  m ain  scattering  processes a re  in terface- 
ro u ghness scattering, defo rm atio n -p o ten tia l acoustic-phonon  scattering, polar-optic- 
p h o n o n  scattering  an d  p iezoelectric-phonon  scattering  [21,22]. H ow ever for the 
te m p e ra tu re  ra n g e  o f  in te res t h e re  (T < 5 0  K ) only the  first two m echanism s are  
im p ortan t.
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Interface roughness scattering
T h e  in terface-roughness (IFR) scattering  is d u e  to the  fluctuations in the  QW  
poten tia l. L ike in  th e  study  o f  electronic tra n sp o rt [23] it is assum ed th a t the 
scattering  po ten tia l is d irectly  re la ted  to the  well w id th  fluctuations A(r):
w here  E0 is the  energy  o f  the  exciton state in  the  QW , L is the  q u a n tu m  well w id th  
an d  M is the  exciton mass. T h e  fluctuation  in  the  q u an tu m  well w id th  is 
characterised  by a h e ig h t A an d  a co rre la tion  leng th  A such that:
A veraging over E, th a t is over the  exciton  d istribu tion  function  results in a 
scattering  tim e th a t increases w ith te m p e ra tu re  accord ing  to a T 34 law (figure 2.5a).
Acoustic phonon scattering
T h e  scattering  tim e d u e  to acoustic p h o n o n s (AP) for a given exciton  energy  E is 
given by [21]:
w here  ^ is a p a ram e te r used  to m inim ise the  exciton energy, Dc an d  Dv a re  the  
acoustic defo rm ation  po ten tia l for electrons an d  holes, Yc(v) = (P + ah(e)/q2)-3/2, w ith 
q2 = 4K 2sin2(9/2) w ith K exciton m om en tum , an d  (Xh(e)= mf(e/(m e+mh).
T h e  average  over the  exciton d istribu tion  in  E leads to a n  exciton m obility th a t 
is inversely p ro p o rtio n a l to the  well w id th  a n d  has a  quasi-linear decay w ith 
te m p e ra tu re  [21,22]. T h e  te m p e ra tu re  behav iou r for d iffe ren t well w idths is show n 
in figure 2.5b.
I t  is generally  believed th a t in  sem iconducto r QW s a t low te m p e ra tu re  the 
in terface scattering  m echan ism  limits the  exciton m otion. H ow ever for relatively 
w ide QW s a  linear decrease o f  the  exciton m obility has b een  found , w hich is in 
a g re e m e n t w ith the beh av io u r ob ta ined  w ith considering  scattering  w ith acoustic- 
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Figure 2.5: Theoretical dependence of the exciton mobility in GaAs QWs (L=20, 12, 8 and 5 
nm). a) Mobility calculated considering only the effect of interface roughness [21]. b) Mobility 
calculated considering only the effect of scattering with acoustic phonons [22].
h igh  quality, w ide QW s, an d  thus in  a reg im e o f very low d iso rder, n e ith e r o f  the 
m echanism s can exp la in  the ex p erim en ta l data, suggesting  th a t in  th a t reg im e the 
sim ple descrip tion  o f  excitons as particles scattering  in  the  Q W  p lan e  is n o t 
a p p ro p ria te  anym ore.
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Imaging the motion of 2D-excitons
Chapter 3
Abstract
The present chapter describes the experimental aspects o f the thesis. A t first the 
concept o f photoluminescence (PL) and photoluminescence excitation (PLE) 
spectroscopy are introduced. Then the imaging setup developed to study the spatially 
resolved luminescence o f  excitons is described in detail, with the help o f  two 
practical examples.
3.1 Introduction
T h e  m otion  o f  excitons can n o t be m easu red  by ap p ly ing  a  voltage, a n d  
m easu ring  the  c u rren t. Since excitons as a w hole a re  n e u tra l such a m e th o d  is n o t 
applicable. Even in  the  case o f  trions it is clear th a t the  c u rre n t o f  trions will always 
b e  m uch  sm aller th an  th a t d u e  to the  flow o f the free  carriers p re se n t in  the 
m aterial, w hich m akes it also im possible to study  trion  m otion  by conventional 
tra n sp o rt m easu rem en ts. T h e re fo re  we em ploy a n  all-optical m e th o d  to m easu re  
exciton transpo rt.
T h e  m eth o d  described  h e re  is based  on  the  sim ple idea th a t if a n  exciton  is 
optically excited  in o n e  p o in t o f  the  sam ple an d  recom bines em itting  PL from  
a n o th e r p o in t it has m oved  d u rin g  its lifetim e (figure 3.1). A n optical se t-up  has 
b een  deve loped  to re c o rd  spectrally reso lved  im ages o f  the  lum inescence em itted  
a fte r point-like excitation. In  the  following first the  process o f  pho to lum inescence  
a n d  pho to lum inescence  excitation  (PLE) will be in tro d u ced  (p a rag rap h  3.2). T h e n  
the  im aging set-up  will be  described  in m o re  detail (p a rag rap h  3.3), fea tu ring  two 
p ractical exam ples to e lucidate  its p ro p ertie s  (p a rag rap h  3.4).
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Figure 3.1: Visualisation of the experiment: excitons are created in 
a small region by a focussed laser beam. After they diffuse they 
emit luminescence. By imaging the PL area it is possible to 
monitor the distance they have travelled during their lifetime, 
which is directly related to the excitonic transport properties.
3.2 Photoluminescence and Photoluminescence excitation
3.2.1 Radiative recombination and photoluminescence
A PL e x p e rim en t consists in  the  optical excitation o f  e lectron-hole  pairs, an d  the 
detec tion  o f  the  sp ec tru m  o f the  ligh t em itted , w hich results in a PL spectrum . A 
schem atic descrip tion  o f  the process is show n in figure 3.2. N eglecting for the 
m o m en t the  p resence  o f  excitons (figure 3.2a), d u rin g  the  em ission an d  absorp tion  
processes, the conservation  o f  the  in -p lane  co m p o n en t o f  the  m o m en tu m  req u ires  
th a t the to tal k-vector o f  the e lec tron-ho le  pa ir is equal to th a t o f  the  pho to n , w hich 
is very small. T h e re fo re  all electrons can recom bine  radiatively  w ith holes w ith 
opposite  k-vector (A k=0 selection ru le). M ost o f  the  PL will be  em itted  from  the 
b o tto m  o f the  b a n d  as the  photo -excited  carriers ten d  to re lax  by em ission o f 
p honons.
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Figure 3.2: Photoluminescence process. a) and b): schematic representation of the PL 
process for free charges (a) and excitons (b). c) PL spectrum obtained on a 300 A 
GaAs/Al03Ga0.70As QW with an excess electron density of the order of 1010 cm-2.
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Figure 3.3: PL and PLE spectra for a 130 A GaAs/Al0 33Ga0 67As QW. The heavy- 
and light-hole excitons absorption peaks are present in the PLE spectrum. The 
heavy-hole exciton peak in the PL is blueshifted with respect to that in the PLE 
due to the Stokes shift (see text).
In c lu d in g  excitons (figure 3.2b), the  A k=0 selection ru le  im plies th a t only 
excitons w ith K -vector sm aller th an  th a t o f  the p h o to n  can recom bine. In  this case 
the photo -excited  e lectron-hole  pairs re lax  to the  m in im um  k-vector o r to hot (high 
K-vector) excitons. T h ese  h igh  K -vector excitons w hich re lax  by em ission o f  acoustic 
phon o n s a re  norm ally  described  by a th e rm al d istribu tion , o f  w hich only a sm all 
portion , the  cold excitons inside the light-cone can recom bine  [1,2]. I t  shou ld  be 
no ticed  th a t the  schem e in figure 3.2 is m ean t to illustrate  the  process o f  p h o to ­
excitation an d  the  following elec tron-ho le  pa ir re laxation  in to  exciton states, b u t  is 
in p rinc ip le  n o t correct, as the  k-vector for electrons an d  holes is d efin ed  differently  
th an  the K -vector for the  exciton centre-of-m ass.
A typical PL  sp ec tru m  is show n in figure 3.2c. T re e  d istinct peaks o rig inating  
from  the  heavy- an d  light-hole excitons, an d  X - slightly below  the  X peak  a re  visible.
A n o th er widely used  techn ique is PL-excitation (PLE) spectroscopy, w hich is 
b ased  on  the  fact th a t the  ligh t em itted  a t a certa in  energy  is re la ted  to th a t absorbed
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a t a h ig h er frequency. T h u s  by detec ting  the  PL em itted  a t fixed p h o to n  energy  as a 
function  o f  the  excitation  energy , a p seu d o-abso rp tion  sp ec tru m  is ob tained . In  the 
following we will re fe r to re so n a n t excitation w hen the  excitation  energy  
co rresponds to the  exciton peak, an d  n o n -re so n an t excitation w hen free  electron- 
hole pairs a re  crea ted  (at h ig h er excitation energies).
A typical PLE sp ec tru m  is show n in figu re  3.3 to g e th er w ith the  c o rre sp o n d en t
O .
PL peak  for a 130 A w ide GaAs/Al0.33Ga0.67As QW . T h e  energy  splitting  betw een  the 
hh-exciton  peaks in the  PL an d  PLE spectra  is the  so-called Stokes shift. T h e  Stokes 
shift results from  the  fact th a t in  a PL e x p e rim en t the  signal in tensity  is p ro p o rtio n a l 
to the  density  o f  the  lowest energy  occupied  (or fu l l) states, w hereas in a PLE 
ex p e rim en t all empty states a re  p ro b ed , an d  the  signal in tensity  is simply 
p ro p o rtio n a l to the  density  o f  states.
3.2.2 Selection rules
B oth  optical em ission as well as optical abso rp tion  can only occur w hen  the 
transition  probability  given by:
W = ( f |p -E |i)  (3.1)
is finite. In  (3.1) |i) an d  (f| re p re se n t the  initial an d  final states respectively an d  p^E is 
the  d ipo le  m o m en t o p e ra to r  describ ing the  ligh t-m atter in teraction . This 
re q u ire m e n t leads to a n u m b e r o f  selection rules, besides the  k-vector conservation  
already  m en tio n ed  in  p a ra g ra p h  3.2.1. In  a Q W  w ith infin ite  barrie rs , the  d iffe ren t 
w avefunctions o f  the subbands a re  o rthogonal, an d  th e re fo re  only transitions w ith 
A n = 0  a re  allowed, i.e. transitions betw een  electrons an d  holes o f  the  sam e subband  
n  [3]. For finite b a rrie rs  the  situation  hard ly  changes an d  transitions w ith A n= 0  are  
by far the  s tro n g est features in  the  abso rp tion  an d  em ission spectra. A sim ilar 
a rg u m e n t holds for transitions betw een  L an d au  levels. T h e  w avefunctions o f 
d iffe ren t L an d au  levels a re  also o rthogonal, w hich im plies a AN = 0 selection ru le .
For excitons the  k-vector conservation  selection ru le  co rresponds to the  fact th a t 
only m = 0  states (1-s, 2s, etc., see section 2.2.4) have non-zero  transition  probability.
D urin g  optical transitions also an g u la r m o m en tu m  shou ld  be  conserved, lead ing  
to selection ru les th a t involve the  elec tron  an d  hole (and exciton) sp in  states. O nly 
states w ith A m j= ±1  a re  optically active, an d  a re  know n as bright states. V iceversa 
those states w ith Am;^ ±  1cannot recom bine  radiatively  an d  a re  know n as dark states
F igu re  3.4 shows a schem e o f the  b r ig h t an d  d a rk  states in  the  case o f  heavy- 
an d  light-hole excitons, an d  in  the  case o f  singlet an d  trip le t ch arg ed  excitons.
T h e  PL em itted  by excitons in  a given state has a helicity co rre sp o n d e n t to the  
value o f Amj an d  is th e re fo re  circularly  polarised. A ccording to the sign o f  Am; we 
d istinguish  the  PL in G+ an d  <X. In  zero  m agnetic  field the  two optically active states 
a re  generally  d e g en e ra te  an d  the PL em ission is th e re fo re  natu ra lly  unpo larised .
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Figure S.4: Spin selection rules for radiative recombination for heavy- and light-hole excitons, 
and for singlet and triplet negatively charged excitons.
3.2.3 Magneto-PL
T h e  m agnetic  field effect on  the  exciton levels is reflec ted  in the  PL spectra. A
o
typical exam ple  is show n in figure  3 .5a for a 80 A C dT e QW , w hich shows the  field 
b eh av io u r for b o th  X an d  X -. T h e  d iam agnetic  shift (p a rag rap h  2.1.4) co rresponds 
to a b lue  shift o f  the excitonic p eak  in the PL sp ec tru m  (figure 3.5b).
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Figure 3.5: a) PL spectra for a 80A CdTe/CdMgTe QW in magnetic field, for both o+ and o' 
polarisations. b) Dependence of the energy peak position of the X and X- peak in magnetic 
field. c) Magnetic field dependence of the PL energy peak for CdMnTe QWs for different Mn 
concentrations. In this case due to the large Zeeman splitting the lowest energy peak redshifts 
in magnetic field.
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B ecause o f  the  Z eem an  effect (p a rag rap h  2.2.4) the  optically active states are  
split in energy . M oreover the  two d iffe ren t excitonic sp in  states em it opposite  
circularly  po larised  lum inescence (figure 3.5a).
Finally, in  the  case o f  DMS m aterials an d  in  p a rticu la r o f  C dM nT e/C dM gT e, the 
large  Z eem an  splitting  results in  the  red -sh ift o f  the  g ro u n d  state, co rresp o n d in g  to 
the  1s X w ith e lectron  sp in  s = —1/2. T h e  energy  d ep en d en ce  on  the  m agnetic  field 
for the sam ple used  in  ch ap te r 7  is p lo tted  in figu re  3.5c.
3.3 The imaging setup
T h e  se t-up  used  is show n in figu re  3.6. T h e  sam ple is im m ersed  in  H e  gas an d  
p laced  in to  a H e  b a th  cryostat inside a 12 T  su p erco n d u c tin g  m agnet. T h e  
m easu rem en ts in  m agnetic  field a re  norm ally  ca rried  o u t a t 4.2 K. H ow ever it is 
possible to re d u c e  the  te m p e ra tu re  dow n to 1.2 K by p u m p in g  on  the  H e  b a th  or 
increase it u p  to 30  K by passing a c u rre n t th ro u g h  a resistive h ea te r  m o u n ted  in 
p rox im ity  o f  the  sam ple. T h e  sam ple is m o u n ted  on  a transla tion  stage, to be  m oved 
in  the  x-y p lane  w ith a reso lu tion  o f 0.5 |J,m. For experim en ts in  zero  m agnetic  field, 
the  sam ple was m o u n ted  in a H e  flow cryostat, allow ing to change the  tem p e ra tu re  
from  4.2 to 300 K.
T h e  optical se t-up  has b een  designed  to excite excitons in  the  sm allest possible 
reg io n  an d  im age the  a rea  from  w hich the  lum inescence is em itted  on  a sensitive 
CCD  cam era. T h e  com ponen ts o f  the  excitation  an d  detec tion  paths will now  be 
described  separately.
3.3.1 Excitation path
T h e  excitons a re  excited by m eans o f  a cw laser beam , w hich is e ith er a tuneab le  
T i:S ap p h ire  laser p u m p e d  by a A r-ion laser, o r a H e-N e laser. T h e  b eam  is gu id ed  
th ro u g h  a spatial filter, dev iated  by a b eam  sp litte r (BS) an d  focused on  the  sam ple 
by a m icroscope objective.
T h e  p u rp o se  o f  the  spatial filter is twofold. F irst o f  all it ensures th a t the laser 
b eam  is gaussian, w hich is im p o rta n t in  o rd e r  to focus it to the  sm allest possible 
spot-size. Secondly, by m oving the  second lens o f  the  spatial filter the  d ivergence o f 
the  b eam  can be  set. As a consequence the  spot-size o f  the  laser b eam  a t the  sam ple 
surface can be  varied . By placing a p in -ho le  o f  the  p ro p e r  size in the  focal p lane  o f 
the  first lens, the  non-gaussian  com ponen ts o f  the  laser b eam  a re  filtered  out. T h e  
p ro p e r  size o f  the  p in -ho le  O d ep en d s on  the  laser w avelength  X, on  the  laser beam  
d iam ete r 0 ,  an d  on  the  focal leng th  F o f  lens 1, accord ing  to the  form ula:
O = F
2 x 1.2X
+ a  + 2k
0





























Figure 3.6: Schematic drawing of the imaging setup. The 
details of the excitation and detection parts are explained in 
the text.
H ere , a  is the  laser d ivergence, an d  k is a coefficient rep re sen tin g  the  ab erra tio n  
o f  the lens used.
In  the  experim en ts the  com ponen ts o f  the spatial filter w ere a 5X m icroscope 
objective w ith a focal leng th  o f  25.5 m m  as lens 1, a 100 |J,m p in -ho le  an d  a 100 m m  
focal len g th  ach ro m at as lens 2 (all from  N ew port).
A non-po larising  cube has b een  used  as a b eam  splitter. T h e  m icroscope 
objective th a t was used  to focus the  laser on to  the  sam ple surface (unless sta ted
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otherw ise) was, a 40 X M elles-G riot s ta n d a rd  objective w ith a focal leng th  F = 5 .3  
m m  an d  num erica l a p e r tu re  N.A. = 0.65. T h e  theore tica l m in im um  spot-size, 
calculated  by neglecting  all lenses aberra tions, is given by the  R ayleigh criterion :
2 4- X
d  = 2 X (3.3)
2 - N . A.
w here  d  is the  spo t d iam eter. T h e  co rre sp o n d e n t spatial reso lu tion  is given by d/2. 
W ith X =800 n m  (typical for o u r experim en ts) this co rresponds to d =  1.5 p,m.
3.3.2 Detection path
T h e  PL em itted  by the  sam ple is collected by the  m icroscope objective, gu id ed  
th ro u g h  the  beam  sp litter an d  focused on to  the  en tran ce  slit o f  a 0.64 m  long 
im aging  m o n o ch ro m ato r by a 1000 m m  lens. T h e  ex it slit o f  the m o n o ch ro m ato r is 
substitu ted  w ith a CCD (charge coup led  device) cam era. T h e  en tran ce  slit o f  the 
m o n o ch ro m ato r can be  closed in  such a way so as to select only a s tripe  o f  the PL 
area  (see figu re  3.7). T h e  1200 l/m m  g ra tin g  o f  the  m o n o ch ro m ato r resolves 
spectrally  the  PL along the  h o rizon ta l axis (figure 3.7). T h e  PL signal re c o rd e d  by 
the  CCD cam era is th e re fo re  spectrally  reso lved  along the  h o rizon ta l axis an d  
spatially reso lved  along the  vertical one. For every position  on the  vertical axis the 
PL spec tru m  co rresponds to the  PL in teg ra ted  spatially along the  x-axis o f  the  stripe 
selected by the  en tran ce  slits. T h e  w id th  o f  the  slit a p e r tu re  is always chosen to be 
sm aller th an  the  spatial reso lu tion . Typically it is fixed a t 100 p,m, co rresp o n d in g  
(see below) to 0.52 |J.m on  the  sam ple.
T h e  objective an d  the  ocular p laced in  f ro n t o f  the  m o n o ch ro m ato r fo rm  a 
m icroscope w ith a m agnification  M = 189 , co rresp o n d in g  to the  ra tio  o f  the focal 
lengths o f  the  two lenses. T h e  CCD cam era  is a n itro g en  cooled P rinceton  
In stru m en ts , 512 x  512 pixels, back illum inated  CCD. T h e  pixels have a rea l size o f 
L = 24 |J,m, w hich co rresp o n d  to a leng th  on  the  sam ple o f  l= L /M  = 0.127 |lm . T h e  
spectral reso lu tion  d ep en d s on  the  w avelength  o f  the  d e tec ted  light. In  the  ra n g e  o f 
in te rest (600^900 nm ) it is app rox im ate ly  0.05 m eV, w hich is sm aller th en  the 
reso lu tion  o f  the m o n ochrom ato r, using  a typical en tran ce  slit w id th  o f  100 |J,m 
(~ 0 .2  m eV  as show n in p a ra g ra p h  3.4).
A rea l space im age o f  the  reflected  laser ligh t can be ob ta ined  w ith the 
m o n o ch ro m ato r in  the  ze ro th  o rd e r, o r alternatively  by focusing the d e tec ted  signal 
d irectly  o n to  the  CCD cam era. By filtering o u t the reflected  laser b eam  w ith a b an d  
pass filter it is also possible to ob tain  a rea l im age o f  the  PL em ission.
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Figure 3.7: Spatially resolved PL principle. The entrance slit of the 
monochromator selects a narrow stripe (top part). The PL emitted in the selected 
stripe is then spectrally resolved by the grating and imaged on a CCD camera.
The image on the CCD is therefore spectrally and spatially resolved.
3.3.3 Polarised experiments
W hen  the  laser excitation  is re so n a n t w ith the  de tec ted  PL peaks (see e.g. 
chap ters 4 an d  5) the  laser reflection  has to be re d u c e d  to a m in im um . In  those 
cases a p o lariser (Pol.1 in  figure  3.6) was in se rted  in  the excitation  pa th , ju s t  before  
the  b eam  splitter, an d  an  analyser (Pol.2 in figure  3.6) in the  detec tion  path , ju s t  
a fter the  b eam  splitter. By placing th e  axis o f  the  analyser o rth o g o n a l to th a t o f  the 
p o lariser it was possible to red u ce  the  laser-reflected  ligh t w ith an  ex tinction  factor 
o f  10-5.
In  som e experim en ts (chap ter 6), the  PL has b een  m easu red  using  circularly 
po larised  light. F o r this p u rpose , a set o f  po larising  com ponen ts was in tro d u ced  
betw een  the  m icroscope objective an d  the  b eam  sp litter (figure 3.8). T h e  detec ted  
PL passes th ro u g h  the  X/4 p la te  an d  subsequently  th ro u g h  a linear po lariser p laced
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Figure 3.8: When passing through the X/4 plate only one of 
the circular polarisation can pass through the linear 
polariser, the other being filtered out. In  order to measure 
the other polarisation it is sufficient to rotate the X/4 by 90°.
a t 45 deg rees w ith re sp ec t to the  p rin c ip a l axis o f  the  X/4 plate. T h u s  the  circularly 
po larised  ligh t is ro ta te d  e ith e r  para lle l o r p e rp en d icu la r to the  po lariser axis.
3.4 Examples
3.4.1 Image of the exciton PL in a quantum well
A typical exam ple  o f  an  ex p erim en ta l re su lt to study  the  in -p lane  m otion  o f 
excitons is p lo tted  in  figure 3.9. In  p an e l (b) a re a l space im age o f  the  directly  
reflected  laser b eam  is dep ic ted . P anel (c) shows the  spectrally an d  spatially resolved
°
PL em ission from  a 198 A w ide GaAs/(GaAs/AlAs) Q W  (see ch ap te r 4 for fu rth e r 
details ab o u t this sam ple). By taking the  cross section along the  spectra l axis we 
ob tain  the  PL sp ec tru m  a t a given position  on  the  sam ple.
In  the  case o f  figure 3.9 the laser energy  was 1.542 eV (X= 804 nm ). A ccording 
to the R ayleigh crite rion  (equation  3.3), this co rresponds to a m in im um  spo t 
d iam ete r o f  1.5 |J,m. T h e  Rayleigh crite rion  refers to the d iam ete r o f  the  first d a rk  
circle in  the  d iffraction p a tte rn , w hich in  o u r case is ~ 3  |J,m, an d  thus qu ite  close to 
the  p red ic ted  theore tica l m in im um , considering  th a t the  Rayleigh crite rion  neglects 
all aberra tions. In  o rd e r  to com pare  the  w idths o f  the  spatial profiles we express all 
spatial ex ten ts in term s o f  the  full w id th  a t 1/e o f  the  m axim um  o f the  signal, w hich
48
3.4  Examples
i  i i i r
-20 -10 0 10 20 
Position (|j.m)
Figure 3.9: Example of a spectrally and spatially resolved PL image. The real 
space reflection (b) and the spatially resolved PL of a 198 A GaAs QW (c) are 
depicted. Panel (a) shows the spatial profile of the laser and of the PL. Panel (d) 
shows the PL spectrum.
for the laser is thus 1.6 |J,m. T h e  optical reso lu tion  was defined  to be  h a lf o f  ex ten t o f 
the lasers profile, an d  th e re fo re  0.8 p,m. B oth  the  laser-spot size an d  the  reso lu tion  
d e p e n d  on  the  w avelength, an d  could  vary from  one e x p e rim en t to the  o ther. I t  is 
im p o rta n t to n o te  th a t the  ex ten t o f  the  PL profile, ~ 1 0  |J,m, is m uch  la rg e r th an  the 
laser size, w hich shows im m ediately  th a t excitons have m oved in betw een  excitation 
an d  recom bination . T h e  details o f  this ex p e rim en t will be  discussed an d  analysed in 
ch ap te r 4.
3.4.2 Single dot spectroscopy
T h e  optical se t-up  has also b een  app lied  to the  investigation o f  single q u an tu m  
d o t (QD) spectroscopy. A lthough  single d o t em ission is n o t fu r th e r  described  in  this 
thesis an d  is discussed elsew here [4], som e o f the  ex p erim en ta l d a ta  can be  used  to 
test the  specifications o f  the  set-up. T h e  sam ple used  was a Z nT e L ayer on  w hich 
C d T e  QDs w ith a density  o f  1012 cm-2 w ere grow n by the  S transky-K rastanov  
m ethod . In  o rd e r  to d e tec t the  em ission o f  a very lim ited n u m b e r o f  dots (< 50), a 
sq u are  m etal m ask (10 |J,m long sides), w ith a circular a p e r tu re  in  the  m idd le  was 
d eposited  o n  the  sam ple. F ro m  SEM  m easu rem en ts it is know n th a t the  a p e rtu re  
d iam ete r is 150 nm . In  this e x p e rim en t the  excitation was p ro v id ed  by an  A r-ion 
laser (X = 514 nm ). T h e  rea l space im age o f the lum inescence em ission in the  area
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Figure 3.10: PL spectroscopy of single QDs. a): real space image of the PL emission. b): same 
image as in a) but spectrally resolved along the x-axis. The two graphs correspond to the 
cross sections in the middle of the hole.
o f  the  m ask is p lo tted  in  o f  figure  3.10a. By d e te rm in a tio n  o f  the  len g th  o f the  m etal 
square  it was possible to calibrate the  pixel size in  re a l space: 0.127 ^m /pixel.
T h e  area  betw een  the  vertical d ash ed  lines is spectrally reso lved  in  figure  3.10b. 
In  the  r ig h t p an e l the  cross section for a given QD is p lo tted . T h e  cen tra l peak  is 
d u e  to the  PL com ing from  the  hole. By m easu ring  the  spatial ex ten t o f  this peak  we 
estim ate the  reso lu tion  o f  the  se tu p  to be  ~ 0 .7 5  |J,m which, considering  the  low er 
w avelength  as in  the  case o f  the  prev ious p a rag rap h , is in  a g reem en t w ith taking 1/2 
o f  the laser-spo t size. T h e  low er p an e l in  figure 3 .10b shows the  PL sp ec tru m  a t the 
cen tre  o f  the hole. T h e  d iffe ren t peaks c o rre sp o n d  to em ission from  dots o f 
d iffe ren t size. T h e  spectra l re so lu tion  is reflected  by the  spectra l w id th  o f  the  d o t 
em ission. W e ob tain  a w id th  o f  0.2 m eV  w hich is h ig h e r th an  the  rea l w id th  o f  the 
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Chapter 4
Abstract
The lateral motion o f two-dimensional excitons has been studied in high quality 
GaAs based quantum wells. The motion o f single and cold excitons under optimal 
excitation conditions is studied as a function o f well width, temperature and 
magnetic fie ld . I t  is found  that fo r  wide wells (vanishing disorder) and at low 
temperature, the diffusion regime o f bare excitons breaks down. We propose an 
explanation o f this effect implying the propagation o f quantum well exciton- 
polaritons.
4.1 Introduction
Excitons, C oulom b b o u n d  elec tron-ho le  pairs, have a ttrac ted  a g re a t deal o f 
scientific in te res t in  the  past, m ainly because o f  the ir m odel n a tu re , as they a re  often 
considered  the  sem iconducto r analogue o f the  H y d ro g en  atom . M ost studies 
co ncen tra te  o n  the  in te rn a l in terac tion  o f  electrons an d  holes. O n  the  o th e r hand , 
the  tra n sp o rt o f  excitons as a w hole w ith re sp ec t to the  host sem iconductor, has 
b een  barely  investigated.
E xperim en ts on  the  tra n sp o rt o f  excitons a re  scarce because it is difficult to 
m easure. F o r electrons an d  holes, tra n sp o rt is m easu red  by app ly ing  a voltage
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betw een  two contacts to the  sam ple an d  m easu ring  the  c u rre n t flowing from  one 
contact to the  o ther. T h e  sam e techn ique can n o t be app lied  to excitons, w hich as a 
w hole a re  neu tra l, an d  hard ly  re sp o n d  to electric fields. F u rth e rm o re , excitons m ust 
be photo-excited , an d  it is o ften  very difficult to realise excitation  conditions w here  
only the  m otion  o f  single, cold excitons, in d e p e n d e n t o f  h o t in te rac ting  excitons 
an d /o r free  electrons an d  holes, can be stud ied .
S tudying  the  tra n sp o rt p ro p ertie s  o f  excitons is o f  g rea t in te res t because it 
p rovides com plem en tary  in fo rm ation  w ith re sp ec t to the tra n sp o rt o f  electrons and  
holes. For exam ple, as the  excitons a re  n eu tra l, they re sp o n d  in  a d iffe ren t way to 
d iso rd e r o f  electrostatic origin. F u rth e rm o re , un like  electrons an d  holes, excitons 
couple efficiently w ith light, lead ing  to exciton-polaritons, th a t is coup led  exciton- 
p h o to n  m odes.
I t  is com m only  believed th a t a t low tem p era tu res  the  exciton m otion  in  QW s is 
inh ib ited  by in terface roughness. In  previous studies [1,2,3,4], even in relatively 
w ide wells, the  exciton m otion  a t low tem p era tu res  (T < 20K ) has always b een  found  
to occur on  leng th  scales low er th an  the  reso lu tion  o f  far-field optics (~1|J,m).
Exciton-polariton ic  features a re  believed to be  ab sen t in single q u a n tu m  wells 
(QWs), con tra ry  to th ree-d im ensiona l crystals w here  exciton-polaritons a re  the  rea l 
eigenstates o f  the  H am ilton ian  o f  the  ligh t an d  m a tte r in terac tion  [5]. In  two­
d im ensional systems, exciton-polaritons a re  considered  negligible [6,7].
In  this ch ap te r we re p o r t  an  extensive investigation on  the  exciton  tra n sp o rt in 
h igh  quality  GaAs based  QW s, as a function  o f  well w idth, te m p e ra tu re  an d  
m agnetic  field, by m eans o f  a new  ap p ro ach  based  on  an im aging technique. T h e  
excitons a re  excited  in  a very sm all spo t by a focussed laser beam , w ith en erg y  and  
pow er th a t allow the  study  o f  the  m otion  o f  single an d  cold excitons. A n im age o f  the  
PL a rea  is re c o rd e d  by a CCD cam era, an d  the  com parison  w ith the  laser spot-size 
allows d e te rm in a tio n  o f  the  d istance th a t excitons have travelled  d u rin g  the ir 
lifetime, th a t is the  exciton  m otion. By increasing  the  Q W  w id th  a t low tem p era tu re ,
O
we observe a crossover from  no  exciton  m otion  in  n a rro w  (L = 51 A) QW s to a n o n ­
O
diffusive m otion  over distances o f  several m icrom eters in  w ide QW s (L= 198 A), 
w hich we exp la in  by im plying the  effect o f  exciton-polaritons.
4.2 Experimental details
T h e  results described  in this ch ap te r w ere o b ta ined  on  two sam ples. T h e  
influence o f  the excitation  conditions on  the  PL profile  (p a rag rap h  4.3) is described  
using  results o b ta ined  on  a M BE grow n m ultip le  Q W  stru c tu re  w ith ten  periods o f
O
130 A GaAs betw een  GaAs/Al0.3Ga0.7As b a rrie rs  (sam ple A). T h e  study  o f  the  exciton 
m otion  p re sen ted  in  p a ra g ra p h  4.4 was carried  o u t on  a sam ple con ta in ing  twelve 
GaAs QW s grow n, from  the  w idest (L = 198  A) to the th in n est (L = 33 A), by 
m olecu lar-beam  epitaxy on  an  u n d o p e d  GaAs substra te , to en su re  com parab le
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grow th  an d  ex p erim en ta l conditions (sam ple B). T h e  Q W  b arrie rs  consist o f 
AlAs/GaAs/AlAs layers, w ith a thickness o f  respectively 2.6/2.7/2.6 nm , to avoid QW  
p o ten tia l fluctuations d u e  to alloy b ro ad en in g  an d  to m inim ise the  leaking o f  the 
exciton w avefunctions in to  the  barrie rs . A capp ing  layer o f  5.6 n m  was grow n on  the 
topm ost QW . T h e  b a rrie rs  w ere verified  to be sufficiently thick an d  h igh  to p re v e n t 
c a rrie r tunnelling  betw een  d iffe ren t wells. F o u r QW s w ere considered  in  o u r
O
ex p e rim en t (L =51 , 83, 122, 198 A). T h e  distance from  the  to pm ost Q W  considered  
to the sam ple surface is 35 nm , w hich excludes any effects o f  surface states.
T h e  exciton m otion  was s tud ied  by im aging  the  pho to lum inescence  (PL) 
em ission after point-like excitation  (for a de tailed  descrip tion  o f  the  set-up  see 
ch ap te r 3). T h e  b eam  o f a cw tuneab le  T i-S ap p h ire  laser was focused by a 40 times 
m icroscope objective to a 1.6-|J,m d iam ete r spo t on  the sam ple surface, m o u n ted  in 
an  optical cryostat. U n d e r  these circum stances even in  the  case o f  a m ulti-Q W  
sam ple all Q W  layers w ere in  focus, since the  m ax im um  distance betw een  the 
sam ple surface an d  the  QW s (~ 2 0 0  nm ) is m uch  sm aller th en  the focus d e p th  o f  the 
objective (~ 1  |J,m). T h e  PL em ission o f  the Q W  was collected by the  sam e 
m icroscope objective an d  im aged  on  the  en tran ce  slit o f  a m o n ochrom ato r, the  exit 
slit o f  w hich was rep laced  by a CCD cam era. T h e  resu ltin g  CCD im age is a set o f  PL 
spectra, w hich a re  spatially resolved along o n e  axis an d  spectrally  reso lved  along the 
o th e r one. T h e  experim en ts  w ere p e rfo rm ed  a t tem p era tu res  in  the  ra n g e  o f  4-45 
K, an d  in  m agnetic  fields u p  to 12 T.
4.3 Influence of the excitation conditions
T h e  spatial d istribu tion  o f  the  PL em ission shows a p ro n o u n c e d  d ep en d en ce  on  
b o th  the  energy  an d  in tensity  o f  the  excitation. T h e  excitation in tensities used  in  the  
ex p e rim en t an d  the  c o rre sp o n d e n t estim ated  exciton  concen trations are  
sum m arised  in  table 2. T h e  excitation intensities co rresp o n d  to the  average values 
over the  laser profile  o f  the  pow er density  h itting  the  sam ple. T h e  exciton 
concen tra tion  can be  estim ated  from  the  in c id en t pow er density, using  a QW  
abso rp tion  coefficient a L  = 6 10-3 [8]. T h e  average exciton concen tra tion  n  can be 
estim ated  by n  = PabsEexcTrad, w here  Pabs is the  absorbed  pow er, Eexc is the  laser 
energy  an d  T the  exciton lifetime. T ak ing  a typical laser energy  Eexc = 1.5 eV, T = 
500 ps an d  a gaussian  laser profile, the  estim ated  values o f  n  a t 1/e o f  the laser peak  
for the laser pow er used  are  given in  table 2.
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Table 2: Values of the power density used and correspondent 
estimated exciton concentrations.





In  figu re  4.1 we have p lo tted  the  d ep en d en ce  o f  the  PL spatial profile, ob tained  
by spectrally in teg ra tin g  the  PL im ages, on  the  energy  an d  pow er o f  the  exciting 
laser beam . F o u r excitation energ ies (m arked  in  the  PLE sp ec tru m  in figure 4.1a)) 
an d  two d iffe ren t intensities a re  considered . For b o th  excitation pow ers p lo tted , the 
profiles have b een  rescaled  so th a t the  tails coincide. For the  low est laser pow er 
W = 1 0 2 W cm -2 the  profiles (figure 4.1b) re c o rd e d  using  a laser in  resonance  w ith 
e ith e r the  heavy o r light-hole exciton coincide. In  contrast, using  a laser energy  
la rg e r th an  the  b in d in g  energy  o f  the  heavy-hole exciton, i.e. in the  case o f 
excitation  o f  free electrons a n d  holes, results in a less p ro n o u n c e d  peak. By 
increasing  fu r th e r  the  excitation  energy  the  peak  is less an d  less p ro n o u n ced  
(com pare the  curves N R2 an d  NR1 in figure 4.1b). In  the  case o f  h ig h e r laser pow er 
W = 1 0 3 W /cm 2 (estim ated exciton concen tra tion  n = 1 0 10cm-2) the  profiles 
co rre sp o n d e n t to the  excitation re so n a n t w ith the  heavy- an d  light-hole excitons do 
n o t coincide anym ore. F u rth e rm o re  the  profiles o b ta ined  after excitation  o f  free 
elec tron-ho le  pairs exh ib it a d ip  in th e ir m idd le  (figure 4.1c). In  a rea l space im age 
this d ip  co rresponds to a rin g -sh ap ed  d o n u t PL profile.
A m o re  deta iled  d ep en d en ce  o f the  PL profile  on  the  excitation energy  in the 
case o f  W = 1 0 3 W /cm 2 is show n in figure  4.2. As soon as the  laser excites free 
e lectron-hole  pairs (slightly above the  LH  exciton resonance) the  profile  shows a 
p lateau , th a t evolves in to  a d ip  as th e  energy  is increased  fu rth e r. T h e  d e p th  o f  the 
d ip  increases continuously  u n til the  resonance  w ith the  optical p h o n o n  abso rp tion  is 
reached , w here  it is relatively red u ced . For h ig h e r energ ies the  d e p th  o f  the  d ip  
changes in  a less reg u la r  fashion.
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Figure 4.1: Spatial profile of the PL emission at 4.2 K as a function of the excitation 
energy for sample A: (a): PL (dashed line) and PLE (solid line) spectra. The excitation 
energies of the imaging experiments are indicated by arrows. PL profiles for (b) low (102 
W/cm2) and (c) high (105 W/cm2) excitation power.
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Figure 4.2: Spatial profile of the PL as a function of the excitation energy. The data 
have been recorded at 4.2 K with an excitation power of 105 W/cm2 on a multiple QW 
structure (sample A). The black dots are a guide for the eyes to show the increase in 
width and depth of the dip by increasing excitation energy (see text).
T h e  behav iou r o f  the  PL as a function  o f  laser pow er is show n in figure  4.3. T h e  
d a ta  have b een  re co rd ed  using an  excitation energy  re so n a n t w ith the  light-hole 
exciton (figure 4.3a) o r n o n  re so n a n t excitation  a t E = 1 .5 7 5  eV (figure 4.3b), w hich 
co rresponds to NR2 in the  PLE sp ec tru m  o f figure  4.1a. T h e  profiles have b een  
norm alised  w ith re sp ec t to the  laser intensity. In  b o th  cases for a laser pow er lower 
th an  W = 1 0 3W /cm 2 the  profiles re-scale w ith the  excitation  intensity. F o r h ig h er 
excitation  pow er the  profiles show a red u c tio n  o f  the  in tensity  in  th e ir m idd le  
(a ro u n d  position  x = 0 )  an d  in  the  case o f  n o n -re so n a n t excitation  (figure 4.3b) they 
show  the  d ip  discussed before.
T h e  d ep en d en ce  on  the  excitation conditions can be  tentatively exp la ined  by 
inc lud ing  effects o f  free e lec tron-ho le  pairs an d  h o t excitons. As it has been  
exp la ined  in  ch ap te r 3 (section 3.2.1), only the  p o rtio n  o f  excitons w ith K<ko 
(w here k 0 is the ligh t k-vector) can em it PL. Exciting w ith h igh  laser pow er an d /o r 
u n d e r  n o n  re so n a n t conditions, h o t excitons an d /o r h o t free  electrons an d  holes are
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Figure 4.4: Spatial profile of the PL as a function of the excitation intensity, (a) 
with laser energy resonant with the ligh-hole exciton and (b) with non-resonant 
excitation at energy 1.575 eV (NR2 in figure 4.1). The data have been recorded at
4.2 K with an excitation power of 105 W/cm2 on a multiple QW  structure (sample 
B).
c rea ted  [9]. In  the  cen tre  o f  the  profile, w here  the  excitation occurs, the effective 
carrie r te m p e ra tu re  is h ig h er th an  th a t o f  the  o u te r reg ion , w here  the  carriers have 
h ad  tim e to therm alise  to the lattice tem p era tu re . As a consequence, the  p o rtio n  o f 
excitons w ith K < k 0 is low er in  the  cen tre  o f  the  profile  th an  far from  the  excitation 
spot. A clear evidence th a t the  red u c tio n  o f the  PL in tensity  is d u e  to free electrons 
an d  holes is the  increase in  the  d ip  w id th  an d  d e p th  by increasing  the  excitation 
energy, an d  th e re fo re  the electrons an d  holes k-vector, u p  to the  abso rp tion  o f 
optical phon o n s w hich provides an  ex tra  ch an n el for k-relaxation .
A clear u n d e rs ta n d in g  o f  the  p henom eno logy  h e re  described  req u ires  fu rth e r 
investigation o f  the  tim e-resolved PL em ission an d  is beyond  the  scope o f  this thesis. 
H ow ever o u r  d a ta  show th a t in o rd e r  to study  the  in -p lane  m otion  o f  single cold 
excitons it is necessary to excite a t low pow er (< 1 0 3 W cm -2) using  re so n an t 
excitation. All the  da ta  described  in the  following p a ra g ra p h  w ere o b ta ined  w ith 
laser pow er lim ited  to values ~ 1 0 2 W cm -2, in  w hich case only one  exciton a t a tim e is 
p re se n t inside the  excitation spot. T h e  excitation energy  was always tu n e d  to the
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resonance  w ith the  light-hole exciton, w hich leads to the  sam e profile  as the 
excitation  on  the  heavy-hole exciton, as we have verified for all the  QW s used.
4.4 Exciton motion in high quality quantum wells
4.4.1 Description of the data
T h e  results o f  the  well w id th  d ep en d en ce  a t 4.2 K for sam ple B a re  show n in 
figu re  4.5. T h e  m ost strik ing  ex p erim en ta l re su lt is the  ex ten t o f  the  PL for the  198
O . .
A w ide Q W  (curve (1) in  pan e l (b)). T h e  im age from  w hich the  spatial profile  has 
b een  ex trac ted  has a lready  b een  show n in figure  3.10. T h e  spatial ex ten t o f  the 
exciton em ission is m uch  la rger th an  the  rea l space im age o f  the  laser reflection 
(dashed  line in  p an e l b). T h e  com parison  betw een  the  two curves d em onstra tes 
unam biguously  efficient tra n sp o rt o f  optical excitations over distances exceeding  5 
|J,m in a Q W  of very h igh  quality, i.e. vanishing d iso rder, w hich is confirm ed  by the 
very narro w  PL line w id th  (~ 0 .2 5  m eV) (spectrum  1 in  figu re  4.5a). W ith 
decreasing  well w id th  the  m easu red  PL profiles decrease considerably  in w idth 
(figure 4.5 b), accom pan ied  by an  increase in  spectral w id th  (figure 4.5a).
T h ese  results a re  exp la ined  by well w id th  fluctuations d u e  to in terface 
roughness, w hich d e te rm in e  b o th  the  PL line w id th  an d  the  exciton m obility an d  
a re  m o re  im p o rta n t for th in  wells th an  for w ide wells. H ow ever o u r observation  o f 
exciton m otion  a t 4.2 K, for the  th ree  w idest Q W  layers disagrees w ith results o f 
earlier tim e-resolved ex perim en ts [1,2,3,4] an d  theore tica l calculations [10,11] and
O
deserves fu r th e r  investigation. O nly the  PL ex ten t o f  the  51 A thick QW , w hich has 
the largest a m o u n t o f  d iso rder, coincides w ith the  laser profile. T h e  PL sp ec tru m  o f 
this Q W  in d eed  exhibits sh a rp  lines su p erim p o sed  on  a b ro ad  b ack g ro u n d  em ission, 
confirm ing  the localisation o f excitons in  local po ten tia l m in im a caused by 
fluctuations in the  well w id th  [12].
T o  analyse the  results, we define the  spatial e x te n t w as the  w id th  o f  the  PL 
profile  w here  the  in tensity  has d ro p p e d  to 1/e o f  its m ax im um  value. F rom  figure
4.5 we find th a t the  ex ten t decreases continuously  from  10 |J,m to 1.6 |J,m (w idth o f 
the laser spot) w ith decreasing  well w idth.
°F igu re  4.6 shows the  te m p e ra tu re  d ep en d en ce  o f  the PL profile  (198 A QW). 
T h e  profile  a t h igh  te m p e ra tu re  (T = 4 5  K) is m uch  n a rro w er th an  th a t a t low 
te m p e ra tu re  (T = 4 .2  K) in rem ark ab le  co n trast to p red ic tions based  on  a sim ple 
d iffusion m odel, as exp la ined  below. T h e  d ep en d en ce  o f  ex ten t as w ith tem p e ra tu re  
is show n in the  inset.
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<S Photon energy (meV)
Position (^m)
Figure 4.5: PL spectra (a) and PL spatial profiles for the 198 (1), 122 (2), 83 (3) 
and 51 A (4) QWs (sample B) measured at 4.2 K. The dotted line in (b) is the 
laser profile. The ticks on the left indicate the zero level for each curve. The 
solid lines are the result of the Monte Carlo simulation (see text), and the 
dashed line is the curve calculated with the diffusion equation (4.2).
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Figure 4.6: Tem perature dependence of the PL spatial profile. Main panel: 
comparison between the profile at 4.2 K (full squares) and that at 45 K (open 
circles). Inset: temperature dependence of the spatial extent. The solid line is 
the upper limit calculated in the diffusive regime and considering scattering 
with acoustic phonons.
As a function  o f m agnetic  field (figure 4.7), w was fo u n d  to decrease for the
O . . O
w idest wells (L = 122  an d  198 A), while hard ly  any effect was visible for the  83 A 
thick QW.
4.4.2 Model calculations of the 2D exciton motion
In  o rd e r  to m ake a first sim ple estim ate o f  the  p a ram e te rs  th a t d e te rm in e  w we 
consider the  exciton m otion  as a 2D ra n d o m  walk. L et us assum e th a t every exciton 
scatters elastically several times in  space d u rin g  its lifetim e before  re tu rn in g  to k = 0  
w here  it recom bines. O n  average the  recom bina tion  tim e is the  rad iative lifetim e
Trec*
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Magnetic field (T)
Figure 4.7: Magnetic field dependence of the spatial extent of the PL (points) 
obtained at 4.2 K. The solid lines are the calculation according to the 
theoretical predictions of ref. [17].
W e assum e th a t the  elastic scattering  tim e equals Tscatt an d  th a t the  excitons are  
therm ally  d is trib u ted  (average velocity < v > )  over a parabolic  b a n d  characterised  by 
mass M = 0 .25  m 0 (m0 being  the  free e lec tron  mass) equal to the  sum  o f the  electron 
an d  hole effective masses. I t  is well know n th a t such a 2D ra n d o m  walk w ith 
excitation a t (x,y) = (0,0) results in  a profile  w id th  R equal to
R = (v )rsCatt (Tree / T seatt ) ‘ /2 (4.1)
which m eans th a t the  ex tension  o f  the  profile  is rou g h ly  d e te rm in ed  by the  average 
values o f  the  velocity an d  o f the  scattering  an d  recom bination  times [13].
In  o rd e r  to describe o u r  ex p erim en ta l curve we use a slightly m ore  
sophisticated  M onte C arlo  m odel. In stead  o f  tru ly  point-like excitation the  excitons 
a re  crea ted  accord ing  to a G aussian-shaped  spatial d istribu tion  (the focused laser 
beam ). T h e  excitons m ove th ro u g h o u t the  2D p lane  in  ra n d o m  directions an d  
scatter (elastically) to a d iffe ren t d irec tion  after a scattering  tim e Tscatt. A fter the
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lifetim e Trec the  exciton  recom bines a t a certa in  position, w hich is m o n ito red  to built- 
u p  the  spatial em ission profile.
A close inspection  o f  the  calculated  curves reveals th a t the  m ain  featu res o f  the 
2D ra n d o m  walk p rob lem  a re  conserved, i.e. the  shape o f  the  profiles d ep en d s on 
the ra tio  Trec/Tscatt, while the  ex ten t o f  the  curves scales w ith <v>(TrecTscatt) 1/2. 
M oreover, for Trec/Tscatt >  4 the  calculated  curves w ere fo u n d  to coincide w ith a 
characteristic  diffusion profile, as ob ta ined  from  num erically  solving the  2D 
diffusion equation :
D V 2 n( x) + G(x) -  = 0 (4.2)Tree
assum ing  th a t the  local PL in tensity  is p ro p o rtio n a l to the  local exciton 
concen tra tion  n(x). In  this equa tion  D  is the  diffusion constant, p ro p o rtio n a l to Tscatt 
(D = Tscattt kT  / M ) an d  G(x) is the exciton in jection d is tribu tion  given by the  laser 
profile. For TrejT scatt <  4 the  shape  o f  the  profile  considerably  deviates from  this 
diffusive profile, an d  is given by the  2D ra n d o m  walk. In  the  lim it o f  no  scattering  
(Trec/Tscatt =  1) the  profile  is d irectly  re la ted  to the  therm ally  d is trib u ted  velocities o f 
the  in jected  excitons.
4.4.3 Breakdown of the diffusion regime
T h e  solid lines in  figure  4.5b) co rresp o n d  to the  sim ulations using  Trec = 6 0 0  ps
[14], an d  Tscatt =  360, 150 an d  30 ps for the  198, 122 an d  83 A thick QW s 
respectively. F or all th ree  sam ples the  overall ag reem en t betw een  m easu rem en t an d
o
calculation is rem arkab ly  good. T h e  exciton m otion  in  the  83 A thick Q W  is pu re ly  
diffusive (Trec/Tscatt =  20, D = 73 cm2/s), w hereas the  results o f  the 122 A thick QW  
re p re se n t the  crossover from  diffusive to non-diffusive m otion  (TreJ Tscatt =  4, D = 3 7 0  
cm 2/s). In  the  case o f  the  198 A Q W  the spatial profile  can n o t be  described  anym ore  
w ith a diffusive profile  (dashed  line in figu re  4.5b) b u t  only using  tra n sp o rt o f  quasi- 
ballistic excitons th a t scatter only once befo re  recom bin ing  (Trec/Tscatt =  1.67).
F u rth e r  ev idence for the  b reakdow n  o f the  diffusive reg im e o f exciton tra n sp o rt
O .
in the  198 A QW  is p re se n t in  the  tem p e ra tu re  d e p e n d e n t d a ta  re p o r te d  in  figure 
4.5. W e have solved the  2D diffusion equa tion  (4.2) using a tem p e ra tu re  d e p e n d e n t 
exciton lifetim e an d  scattering  tim e d u e  to acoustic p h o n o n s [15], w hich in the 
absence o f  surface ro u g h n ess  scattering  is the m ost im p o rta n t scattering  m echanism . 
In  this m odel, w hich serves as an  u p p e r  lim it for diffusive m otion, the  spatial ex ten t 
o f the  PL  em ission increases w ith te m p e ra tu re  (solid line in se t figure  4.6), as 
o pposed  to the  ex p erim en ta l results. F u rth e rm o re , only the  spatial profiles 
m easu red  a t tem p era tu res  above T > 3 0  K  can be  re p ro d u c e d  by calculations o f 
diffusive m otion, w ith diffusion constants th a t a re  consisten t w ith previous 
calculations (inset figu re  4.6) [16].
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Finally, also the  field d e p e n d e n t da ta  re p o r te d  in figu re  4.7 can n o t be  described
o
by diffusive exciton tra n sp o rt in  the  198 A QW . T h eo ry  pred icts a red u c tio n  o f  D 
w ith field, d u e  to an  effective e n h an cem en t o f  the exciton  mass [17]. A ssum ing only 
a m arg ina l field d ep en d en ce  o f the  exciton  lifetim e [18] this shou ld  lead  to a 
d im in ish ing  PL ex ten t (solid lines in figure 4.7). This red u c tio n  shou ld  how ever
O
occur a t a la rg e r m agnetic  field s tren g th  for the  198 A QW , like the  b ehav iou r
O
observed  for the  diffusive exciton tra n sp o rt in  the  83 A QW.
4.4.4 Ballistic excitons and in-plane propagation of exciton-polaritons
w is rou g h ly  re la ted  to the  average velocity, the  scattering  tim e an d  the 
recom bination  time, as expressed  by equa tion  (4.1). T o  explain  the  large value o f  w
O . . . . . . .
(198 A QW ), w ith in  the  p ic tu re  o f  sim ple exciton  diffusion, e ith e r a la rg e r average 
velocity o r a longer exciton lifetim e, w ith a sm aller scattering  tim e can be 
considered . H ow ever, the  b a re  exciton  mass we have used  seem s reasonab le  an d  in 
ag reem en t w ith the  values re p o r te d  in  lite ra tu re  an d  th e re fo re  the  velocity can n o t 
be  m uch  h igher. T h e  sam e a rg u m e n t holds for the  exciton lifetime. As a m a tte r o f 
fact it w ould  be  m ore  reasonab le  to use a sm aller ca rrie r lifetime, since after 
re so n a n t excitation  Trec has b een  m easu red  to be  as sh o rt as tens o f  picoseconds [19]. 
F u rth e rm o re  in  b o th  cases (lower mass o r lo n g er lifetime), Trec/Tscatt w ould  increase 
significantly lead ing  to a PL profile  w ith a diffusive shape, which, as we have shown, 
can never describe the  ex p erim en ta l data. T h e re fo re  we conclude  th a t the  large 
spatial e x te n t to g e th e r w ith the  shape  o f the  PL  profile  excludes the  possibility o f 
diffusive excitons for reasonab le  values o f  the  p aram eters .
O
A ccording to the  resu lts o f  o u r sim ulation  the  da ta  a t 4.2 K for the  198 A can be 
exp la ined  by the  m otion  o f  quasi-ballistic excitons. H ow ever, this exp lana tion  has 
o th e r inconsistencies. In  the  m odel the  excitons are  crea ted  accord ing  to a 
thermalised d istribu tion  in  energy, w hich is consisten t w ith the  fact th a t the  m easu red  
spatial profiles a re  iden tical after excitation  on  e ith e r the  heavy-hole o r light-hole 
exciton (as w ould be the  case if excitons are  always therm alised  befo re  they move). 
H ow ever, the  average m o m en tu m  o f re sonan tly  excited  excitons is zero. T o  acquire 
a m o m en tu m  th a t co rresponds to the  th e rm al velocity the  excitons shou ld  th erefo re  
scatter frequen tly  w ith acoustic-phonons [4], w hich contrad icts the  very low 
scattering  rates fo u n d  in  the  sim ulations.
T h e  exp lanation  th a t we p ro p o se  is based  on  the  fact th a t u n d e r  conditions o f 
very low d iso rd e r (h igh quality sam ples an d  relatively w ide wells) the p ic tu re  o f  b a re  
excitons, w ith a parabolic d ispersion  an d  a to tal mass given by sum  o f the  e lectron  
an d  the  hole masses, m ay n o t anym ore  be  ap p ro p ria te . I t  is well know n th a t in 3D, 
d u e  to transla tion  invariance, an  exciton  couples to a p h o to n  w ith the  sam e 
m om en tum , giving rise to a coup led  exciton p h o to n  state [5].
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Figure 4.8: Energy dispersion for exciton-polaritons. In  the region of the 
anti-crossing the surface polaritons have a very high group velocity 
(shaded area), which, at low temperature and in wide wells, allows them to 
travel relatively far before scattering.
In  h igh  quality m ateria l this p o la rito n  state can only decay by scattering  w ith 
acoustic p h o n o n s o r by transfo rm ing  in to  a p h o to n  a t the  crystal surface, an d  can 
th e re fo re  travel for very long distances in  the  m aterial. In  2D the  b reak in g  o f the 
transla tion  invariance along the  grow th  axes im plies th a t only k// is conserved. 
C onsequen tly  excitons w ith in  the  ligh t cone (k//<k0) couple  to a co n tin u u m  o f 
pho tons, lead ing  the  b reakdow n  o f the  exciton-po lariton  p ic tu re  an d  to very 
efficient recom bination  w ith typical times as sh o rt as 10 ps [19]. H ow ever, it is clear 
th a t if  the  p h o to n  is em itted  in  the  Q W  p lane, the  transla tional invariance is 
recovered , lead ing  to the  so-called surface po lariton , w hich has an  infin ite  lifetim e 
an d  can be re g a rd e d  as the  2D analogue o f  the  3D b u lk  exciton-po lariton  (figure 
4.8) [6,7]. Calculations o f  the  2D exciton-po lariton  d ispersion  reveal th a t in  2D 
po la rito n  effects shou ld  be sm all (th a t is the  energy  sp litting  betw een  rad iative 
excitons a n d  surface po laritons is negligible). H ow ever, the  effects o f  the  surface 
po laritons on  the  in -p lane  p ro p ag a tio n  o f the  optical excitations can still be 
significant, an d  we believe th a t in  h igh  quality sam ples like in o u r case they affect 
substantially  the  PL spatial profile.
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In  this p ic tu re  o u r results can be  exp la ined  as follows. T h e  d ispersion  re la tion  o f 
exciton-polaritons, in  the  reg io n  o f the  anticrossing betw een  the  p h o to n  a n d  exciton 
curves, is characterised  by a sm all effective mass, an d  th e re fo re  a h igh  g ro u p  
velocity (shaded  reg io n  in  figure  4.8). A t low tem p era tu res  an d  for w ide wells, the  
scattering  ra te  is low, w hich m eans th a t po laritons w ith h igh  g ro u p  velocity can 
m ove very far, in a sim ilar fashion to w hat has b een  observed  for m icrocavity 
po laritons [20], b efo re  scattering  to low er velocity states o r to rad ia tive  excitons (and 
recom bine). By increasing  the  d iso rd e r th a t is for h ig h e r te m p e ra tu re  (figure 4.6) or 
n a rro w er wells (figure 4.5) th e  scattering  ra te  increases u n til for h igh  en o u g h  
te m p e ra tu re  o r low en o u g h  well w id th  th e ir co n tribu tion  to the  m otion  becom es 
negligible, an d  the  diffusive reg im e o f b a re  excitons is recovered .
4.5 Summary and conclusions
T h e  exciton m otion  in  GaAs QW s has b een  investigated  by m eans o f  a spatially 
reso lved  pho to lum inescence  technique. W e have show n the  in fluence o f the  
excitation  conditions on  the  spatial d istribu tion  o f  the  PL, show ing th a t only in  a 
reg im e o f very low pow er an d  re so n a n t excitation  on  an  exciton peak, the  in -p lane 
m otion  o f  single excitons can be  m easured .
T h e  study  has b een  focused on  the  in fluence o f  d iso rd e r d u e  to the  well w idth 
fluctuations, w ith pa rticu la r em phasis on  the  reg im e o f very low d iso rd e r (wide well 
w idth). T h e  ex p erim en ta l resu lts d em o n stra te  th a t the  exciton m otion  becom es well 
observable w ith far-field optics, an d  th a t for very low d iso rd e r the  reg im e o f b are  
exciton diffusion breaks dow n, an d  the  m otion  is governed  by the  p ro p ag a tio n  o f 
exciton-polaritons.
T h e  exceptionally  long leng th  scale on  w hich the  m otion  occurs, opens the  way 
to a new  research  area  in  the  in -p lane  p ro p ag a tio n  o f optical excitations in  2D 
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In-plane motion of negative trions in GaAs 
quantum wells
Abstract
The in-plane motion o f negatively charged excitons (X-) in high quality 
semiconductor quantum wells (QWs) has been studied by means o f spectrally and 
spatially resolved photoluminescence spectroscopy. Negatively charged excitons were 
observed drifting in the direction opposite to that o f an electric field  applied in the 
plane o f the QW. In  contrast neutral excitons (X) do not drift under similar 
conditions. The X - mobility was found  to be as high as 6.5x104 cm2V-1s-1. The 
results demonstrate that X - can exist as a free particle in the best quality samples 
and suggests that light emission from  opto-electronic devices can be manipulated 
through exciton drift under applied electric fields. In  addition the simultaneous 
motion o f X  and X - was studied as a function o f the electron density in the QW.
The spatially resolved data show that the spatial distribution o f excitons, charged 
excitons and electrons is mainly determined by the motion o f X  that form locally 
trions according to a dynamical equilibrium.
5.1 Introduction
Excitonic com plexes do m in a te  the  optical p ro p ertie s  o f  sem iconductors. T h e  
exciton (X), a C oloum b b o u n d  elec tron-ho le  pair, is the  first excited  state o f  an 
u n d o p e d  stru c tu re , an d  is often  re g a rd e d  as the  sem iconducto r ana logue  o f  the 
h y d ro g en  atom . I f  a low concen tra tion  o f ex tra  charges is p re se n t in  the  m aterial, 
the  exciton  can cap tu re  one  o f  th em  an d  form  a ch arg ed  exciton (or m ore  sim ply a 
trion) [1]. A ccording to the  sign o f  the ex tra  ch arg e  the  trion  is e ith e r negatively (X-) 
or positively (X+) charged , an d  it can  be  seen as the  analogue o f  the  negative
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H y d ro g en  ion (H -) o r o f  the  positive H y d ro g en  m olecule (H 2 +) respectively. As the 
b in d in g  energy  o f  the  second ch arg e  is quite  sm all in  b u lk  m aterials, unam biguous 
p ro o f  o f the  existence o f trions was only ob ta ined  after the  ad v en t o f  h igh  quality 
rem otely  d o p ed  q u an tu m  well s truc tu res (see p a ra g ra p h  2.2.3), in  w hich the 
co n fin em en t along the  grow th  d irec tion  enhances the  b in d in g  energy  o f  excitonic 
com plexes. E xperim entally , optical em issions o f  negative trions have b een  observed 
in  C dT e- [2], GaAs- [3], an d  ZnSe- based  q u an tu m  well (QW) struc tu res [4]. 
F u rth e rm o re  the  existence o f  positive trions (X+) has also b een  d em o n stra ted  [5,6].
T h ese  few partic le  charged  com plexes have a ttrac ted  a considerab le  a m o u n t o f 
in te res t because they p rov ide  a m odel system  to study  electron-elec tron  in teractions 
in  q u an tu m  systems. H - has b een  s tud ied  for m any years in  this re g a rd  [7]. 
C o m p ared  to H -, X - offers som e advantages. F irst o f  all the  possibility to study  
electron-elec tron  in teractions in two-, one- an d  zero -d im ensional systems. Secondly 
the b in d in g  energy  o f  X - is m u ch  sm aller th an  in  the  case o f  H -, w hich im plies th a t 
the  effect o f  ex te rn a l fields can be  stu d ied  experim entally . In  p a rticu la r the 
possibility to study  the  effect o f  an  ex te rn a l m agnetic  field has allow ed to investigate 
issues th a t could  n o t be investigated  for H - since this w ould re q u ire  field streng ths 
m uch  h ig h e r th an  those available. F or exam ple the  so-called sp in  trip le t o f  X - 
(parallel state o f  the  elec tron  pair) has b een  observed  in  pho to lum inescence  (PL) 
spectra  [8,9], an d  new  lines in the reflectivity an d  pho to lum inescence-excita tion  
(PLE) spectra  o f  low density  two d im ensional e lec tron  gases have b een  a ttrib u ted  to 
com bined  exciton-cyclotron re so n a n t excitations [10].
Since the  first ex p erim en ta l observation  th e re  has b een  quite a considerab le 
debate  w h e th e r negative trions can exist as m obile free  particles. A ccording to 
several ex p erim en ta l studies [11,12] charged  excitons a re  tra p p e d  in p o ten tia l 
fluctuations g en e ra ted  by the d o p in g  ions w hich p rov ide  the  ex tra  charges. In  this 
case how ever, a trion  b o u n d  to a b a rr ie r  d o n o r can n o t be  considered  as an  
in d e p e n d e n t en tity  fo rm ed  by th ree  ch arg ed  particles. O n  the  o th e r hand , 
c ircum stan tia l evidence has b een  fo u n d  for the  existence o f  free negative trions, 
such as the  linear te m p e ra tu re  d ep en d en ce  o f  the  rad ia tive  lifetim e [13,14] as 
p red ic ted  for free particles [15]. T h e  question  is o f  considerab le  im p o rtan ce  in  o rd e r 
to b u ild  a reliab le theore tica l m odel for this th ree-body  system.
Following the  suggestion  o f  S tebe an d  co-au thors [16], to d e te rm in e  w h e th e r a 
negative trion  is free to m ove, it is sufficient to m easu re  its m otion  in  an  ex te rn a l 
electric field. T his is the sim ple idea  on  w hich the  ex p erim en ta l study  p re sen ted  in 
this ch ap te r is based. In  the sam e way as we have s tud ied  the  m otion  o f  Q W  excitons 
in  ch ap te r 4, trions a re  excited (resonantly) in a very sm all a rea  an d  the  d istribu tion  
o f  the  pho to lum inescence  (PL) em ission in  the  Q W  p lane  is m o n ito red . T rio n  
diffusion is observed  in absence o f  ex te rn a l forces. M oreover, trions are  observed  to 
d rift in  the  d irection  opposite  to th a t o f  an  electric field app lied  in the  p lan e  o f  the 
q u a n tu m  well. O u r  results resolve the  controversy  on  trion  localisation by
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d em o n stra tin g  th a t in very h igh  quality sam ples trions can behave as negative free 
particles th a t d rift in  an  ex te rn a l electric field.
T h e  diffusion o f  trions has previously  b een  re p o r te d  as the  re su lt o f  space- an d  
tim e-resolved pho to lum inescence  (PL) in  an  e x p e rim en t in  w hich b o th  excitons an d  
trions w ere fo rm ed  from  the re laxation  o f  photo -excited  free  e lec tron-ho le  pairs
[17]. W e will show how ever th a t u n d e r  such conditions it is n o t possible to study  the 
trion  m otion  in d ep en d en tly  o f  th a t o f  the  excitons [18], by using n o n  re so n a n t 
excitation an d  study ing  the sim ultaneous m otion  o f  excitons an d  trions as a function  
o f  the co n cen tra tion  o f  ex tra  e lectrons p re se n t in  the  sam ple.
5.2 Experimental details
T h e  sam ples we have s tu d ied  a re  two rem otely  d o p ed  GaAs/Al0.33Ga0.67As QWs,
o o
respectively 300 A an d  100 A thick, g row n by m olecu lar b eam  epitaxy on  GaAs
O
substrates. T h e  QW s a re  to p p ed  by a 600 A thick u n d o p e d  Al0 33Ga0.67As layer a n d  a 
2000 A thick Al033G a0.67As layer d o p ed  w ith Si (1017 cm -3). T h e  excess e lectron 
density  can be con tro lled  by app ly ing  a voltage betw een  the  Schottky N iC r gate (~ 4  
m m 2) ev ap o ra ted  on  the  top surface o f  the  sam ple an d  an  O hm ic contact to the  QW  
layer (see figu re  5.1). F u rth e rm o re  two O hm ic contacts (source a n d  d ra in  p laced  a t 
2 m m  distance) to the Q W  layer allows to apply  an  in -p lane  electric field, 
in d ep en d en tly  o f  the  e lectron  density  in  the  QW . T im e resolved results o b ta ined  on 
these sam ples a re  re p o r te d  in [13].
T h e  sam ples are  m o u n ted  in  optical in se rt an d  p laced in a H e  flow cryostat in 
w hich the te m p e ra tu re  can be  varied  from  4.2 K to 300 K.
T h e  beam  o f a cw tuneab le  T i:S ap p h ire  laser is g u id ed  th ro u g h  a spatial filter to 
en su re  th a t it is gaussian  an d  to set its d ivergence (via the  position ing  o f  the second 
lens). A 40x  m icroscope objective focuses the  laser beam  to a 1.6 |J,m -diam eter spo t 
on the  sam ple surface, an d  collects the  PL em ission. T h e  em ission is gu id ed  th ro u g h  
a m o n o ch ro m ato r an d  d e tec ted  by a CCD cam era. By this m e th o d  the  im age on  the 
CCD cam era is spectrally  reso lved  along one  o f  its axis an d  spatially reso lved  along 
the o th e r (reso lu tion  ~ 0 .8  |J,m). By taking the  cross section a t a pa rticu la r spatial 
p o in t we ob tain  the  local PL spectrum . Equivalently  the  cross-sections for a given 
em ission energy  gives the  spatial profile  o f  the  PL (for details ab o u t the 
ex p erim en ta l se tup  see ch ap te r 3).
All the  d a ta  re p o r te d  in  this ch ap te r have b een  ob ta ined  w ith a constan t 
excitation density  o f  102 W cm -2 a t the  top  o f  the  laser profile, co rresp o n d in g  to an 
estim ated  co n cen tra tion  o f  excited  e lectron-hole  pairs o f  109 cm-2. (see p a ra g ra p h
4.2 for a descrip tion  o f  how  the  co n cen tra tion  is estim ated). In  case o f  re so n a n t 
excitation  a t the  X - absorp tion  line, we have filtered  o u t the  laser by in serting  a 
po lariser in the  excitation p a th  an d  an  analyser in  the  detection  p a th  p laced in 
crossed configuration . C onsequently  the  d e tec ted  laser in tensity  was com parab le  to
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Figure 5.1: Scheme of the experimental arrangement. Application of a bias 
voltage between the gate and the emitter allows to change the electron density 
in the QW. Independently, a voltage applied between emitter and collector 
allows to apply an electric force on the trions created by the focused laser beam.
the signal. T h e  final im age o f  the  PL was o b ta ined  by the  following p ro ced u re : first 
the im age o f  the  PL an d  laser ligh t was m easu red  a t the desired  bias conditions. 
S econd the  reflected  laser ligh t was re c o rd e d  by acqu iring  an  im age w ith o u t app lied  
voltage w hen  the  PL em ission is b o th  low in in tensity  an d  shifted  tow ards lower 
energ ies w ith re sp ec t to the  X- peak  (see section 5.3.1). Sub trac ting  the  two im ages 
re su lted  in  a b ack g ro u n d -free  PL em ission profile.
5.3 Experimental results
5.3.1 Effect of the gate bias on the PL spectrum
T h e  shape o f  the  PL spec tru m  is d irectly  re la ted  to the  e lectron  density  tu n ed
by the  application  o f  the gate  bias. T h e  d ep en d en ce  o f  the  sp ec tru m  w ith gate bias 
° . . 
for the  300 A Q W  m easu red  a t 4.2 K w ith a (non-resonan t) excitation  energy  o f  1.6
eV is show n in figure 5.2. F or very low ap p lied  bias ( <  - 0.78 V ) alm ost no
electrons a re  p re se n t in  the  q u an tu m  well an d  the  PL sp ec tru m  shows a very
p ro n o u n ced  X peak  a t 1.519 eV. U p o n  increasing  the  bias voltage the  e lectron
density  increases, re su lting  in a d im in ish ing  X p eak  an d  a sim ultaneous
en h an cem en t o f  the  X - p eak  intensity. A ro u n d  a bias voltage o f -0.62 V,
co rresp o n d in g  to an  elec tron  density  o f  ~  2 1010 cm -2 only the  X- rem ains in  the
spec tru m  (figure 5.2a). W ith fu r th e r  increasing  bias (5.2b) the  X- peak  m erges in to  a
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Figure 5.2: Evolution of the PL spectrum with bias for the 300 A QW. The total voltage 
range has been split in two for clarity. Notice that the energy range of panel (a) is only a 
portion of that in panel (b).
zero  app lied  bias, the  co n cen tra tion  o f  the photo -excited  elec tron-ho le  pairs is two 
o rd e rs  o f  m ag n itu d e  low er th an  th a t o f  the  ex tra  electrons in the  Q W  (ne ~  2 1011 
cm -2). W e can th e re fo re  neglect the  pho to -excited  electrons an d  consider the  PL 
em ission as given by the  recom bination  o f the holes w ith the  2DEG. T h e  PL 
sp ec tru m  ex tends form  1.510 to 1.5175 eV, w hich co rresp o n d  to the  b an d g ap  
energy  an d  to the  F erm i-edge respectively.
5.3.2 Trion diffusion after resonant excitation
Trion diffusion at 4.2 K
In  o rd e r  to study  the  m otion  o f  negatively ch arg ed  excitons avoiding the  effect 
o f  n e u tra l excitons we have tu n e d  the  laser to quasi-resonance with the  X - 
abso rp tion  peak, th a t is a t its h igh  energy  w ing (1.5183 eV). T h e  energy  splitting
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Figure 5.3: (a) Spatial profile of the X- PL emission after resonant excitation as a function of 
the bias voltage The solid line is the laser profile. (b) Spatial extent of the PL intesnity (points) 
as a function of bias voltage. The solid line is the spatial extent of the laser. The data have 
been recorded on the 300 A QW at 4.2 K.
betw een  the  X an d  X - peak  is a ro u n d  1 m eV. A t low en o u g h  tem p era tu res  (<  8 K ) 
the  excitation  o f  X after re so n a n t excitation  o f  can be  neglected , as verified 
experim en ta lly  in  previous w orks [19,20].
T h e  first ex p erim en ta l evidence for the  m otion  o f X - is show n in fu g u re  5.3,
O . . .
w hich com pares the spatial PL  profile  for the  300 A Q W  w ith the  excitation profile  
(laser) in the  w hole bias ra n g e  a t w hich the  X- peak  can b e  observed. F o r bias 
voltages low er th an  -0 .7 6  V the  X - abso rp tion  peak  is too w eak to collect an  im age 
u n d e r  re so n a n t excitation conditions. F ig u re  5.3a shows th a t the  P L  profile  is always 
la rger th an  the  laser profile, d em o n stra tin g  th a t trions have diffused away from  
th e ir p o in t o f  excitation.
In  o rd e r  to quantify  the  X - m otion  we have defined  the  spatial ex ten t o f  the  PL 
profiles as the  full w id th  a t 1/e o f  the PL in tensity  m axim um . As show n in figure 
5.3b decreasing  the  bias voltage has only a very sm all effect (w ithin the  spatial 
reso lu tion) o n  the  spatial ex ten t o f  the  PL. T his re su lt shows th a t in  this ra n g e  o f 
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Figure 5.4: Tem perature dependence of the X- PL profile in the 300 A (a) and 
100 A (b) QWs for zero in-plane electric field. The spatial extent for both 
samples is plotted in c). The solid lines correspond to the values calculated 
with the diffusion model assuming a tem perature independent X- mobility.
n o t substantially  affected by scattering  w ith electrons, i.e. does n o t d e p e n d  on  the 
elec tron  density.
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°
T h e  sam e e x p e rim en t ca rried  o u t o n  the  100 A Q W  reveals a PL profile  th a t 
coincides w ith the  laser spo t w ith in  the  optical reso lu tion , ind icating  X" to be 
localised. T hese  results a re  in  a g reem en t w ith those o f  tim e-resolved experim en ts
, 9  . . .  9
[13] th a t suggest free trions in  the  300 A Q W  an d  localised trions in  the  100 A QW  
a t T = 4 .2  K.
Temperature dependence o f the trion motion
T h e  X" m otion  has b een  m easu red  for b o th  sam ples as a function  o f 
tem p era tu re . For each te m p e ra tu re  the  bias voltage has b een  set to the  value a t 
w hich only the  X" peak  is visible in  the  PL spectrum . T his reduces possible effects o f 
th e rm al excitation  o f  X.
T h e  results o f  the  e x p e rim en t a re  show n in figure  5.4, w hich displays the 
te m p e ra tu re  d ep en d en ce  o f  the  PL spatial profile. In  b o th  cases the  profile 
b ro ad en s w ith tem p era tu re . In  the  case o f  the  300 A Q W  how ever the  profile  is
°
always evidently  la rg e r th an  the  laser sp o t (figure 5.4a). In  the  100 A sam ple we find 
th a t a t 4.2 K the  PL profile  coincides w ith the laser w ith in  the  re so lu tion  o f  the 
optical se tup  (figure 5.4b). For clarity, the  e x te n t o f  the  spatial profile  is p lo tted  in 
figu re  5.4c. T h e  solid lines in  this figure  a re  the  re su lt o f  the  d iffusion m odel, as it 


















Figure 5.5: Spectrally- (y-axis) and spatially- (x-axis) resolved PL images of the 
trion emission. In panel (a) no in-plane voltage is applied. In panel (b) an in­




Figure 5.6: Spatial profile of the PL emission after application of 
an in-plane voltage a) X- profiles for the 300A QW. b) X profile 
for the 300 A QW. c) X- profiles for the 100 A QW.
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5.3.3 Charge transport of negatively charged excitons
An alternative  m e th o d  to illustrate  the  ability o f  trions to m ove in the  Q W  plane 
is the  observation  o f th e ir d rift in an  electric field.
W e have im aged  the  PL d istribu tion  o f  X - after po in t-like re so n a n t excitation in 
the  p resence  o f an  in -p lane  voltage. In  figu re  5.5 we have dep ic ted  the  im ages 
o b ta ined  a t 4.2 K for zero  electric field (a) an d  for app lied  in -p lane  voltage V = 0.2 
V (b). I t  can be  no ticed  th a t the  im age, w hich is perfectly  sym m etric along the space 
d im ension  a t zero  electric field, is skew ed in the  d irec tion  opposite  to the  electric 
field w hen  an  in -p lane  voltage is applied .
T h e  m ore  deta iled  da ta  show n in figure 5 .6a d em o n stra te  th a t trions are  free. 
T h e  asym m etry  increases w ith increasing  in -p lane  voltage, an d  the  profile  ju s t  flips 
on  the  spatial axis by reversing  the  field. Such a b eh av io u r could  n o t be exp la ined  
by exciton h o pp ing , since the  exciton is n e u tra l an d  therefo re , as verified 
experim en ta lly  (figure 5.6b), n o t sensitive to electric field. T h e  exciton im ages are  
ob ta ined  a t a bias o f  -0 .7 5  V an d  a t an  excitation energy  o f  1.5193 eV th a t is on  the 
h igh  energy  wing o f  the  X absorp tion  peak.
O
F u rth e r  confirm ation  is given by the d iffe ren t behav iou r o f  the  100 A sam ple at
4.2 K (figure 5.6c), in w hich the  trions a re  expec ted  to be  localised given the  n o n ­
linear te m p e ra tu re  d ep en d en ce  o f the  trio n  rad ia tive  recom bination  lifetim e [13]. 
In d e p e n d e n tly  o f  the  in -p lane  electric field the  PL profile  coincides w ith the  laser. 
T h e  low er quality o f  this sam ple is a ttrib u ted  to an  increased  in terface roughness 
th a t considerably  limits the  m otion  o f  trions.
5.3.4 Non resonant excitation
In  o rd e r  to study  the  effect o f  the  elec tron  density  o n  the m otion  o f  excitons 
an d  trions, we have reco rd ed  the  PL im ages after point-like excitation  a t 4.2 K as a 
function  o f  the  bias voltage, w ith an  excitation energy  fixed a t 1.6 eV. In  figure 5.7 
we have d ep ic ted  PL im ages ob ta ined  for five d iffe ren t app lied  bias voltages.
For an  ap p lied  voltage o f  -0 .7 6  V we observe a large an d  fairly hom ogeneous 
PL im age for the  X peak. T h e  X - PL im age has approx im ate ly  the sam e spatial 
ex ten t as th a t o f  X, b u t  shows s trong  inhom ogeneities, w hich we a ttrib u te  to the  fact 
th a t for this bias the  elec tron  density  is very low an d  trions a re  localised, in 
a g reem en t w ith SN O M  ex perim en ts p e rfo rm ed  u n d e r  sim ilar e lec tron  density  
conditions [12]. As a consequence X - a re  crea ted  locally from  m oving X an d  
electrons. Since they a re  localised, they recom bine  from  the  sam e place w here  they 
have b een  created . T h is re su lt differs from  w ith w hat we have fo u n d  for re so n a n t 
excitation a t -0 .7 6  V bias voltage (see p a ra g ra p h  5.3.2). H ow ever, the  relative 
concen tra tion  o f excitons, trions an d  electrons d ep en d s strongly  on  the  excitation 
energy, an d  th e re fo re  for the  sam e bias voltage b u t d iffe ren t excitation  energy  the 


























Figure 5.7: Spectrally and spatially resolved images of the PL emission from 
X and X- in the case of non-resonant excitation for -0.76 V, -0.74 V, -0.72 
V, -0.70 V and -0.62 V applied bias voltage. The excitation energy was 
fixed at 1.6 eV.
By increasing  the  voltage the  inhom ogeneity  o f  the  X- PL im age d isappears. 
A lready a t -0 .7 4  V we observe hom ogeneous im ages for b o th  X an d  X -. T h e  ex ten t
X
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Figure 5.8: Width of the spatial profile of the PL for excitons and trions at 4.2 K. 
The excitation energy is fixed at 1.6 eV (non-resonant excitation). The solid line 
is the spatial extent of the laser profile
for b o th  species decreases w ith increasing  bias, reach in g  a m in im um  for -0 .6 2  V bias 
voltage, w here  we only observe the  X -.
F igu re  5.8 sum m arises the  results o f  the experim en t. W e have p lo tted  the 
spatial e x te n t for b o th  species as a function  o f the  bias voltage. F o r com parison  also 
the  spatial e x te n t for the  X - in  the  case o f  re so n a n t excitation is p lo tted . F or very low 
bias voltage (-0.78 V) the  trion  peak  is barely  visible an d  can n o t be  m easu red . T h e  
sam e holds for the  X p eak  a t a bias la rg e r th an  -0 .7 0  V. T h e  two excitation 
conditions (re so n an t an d  n o n -resonan t) show d iffe ren t behav iour. For re so n a n t 
excitation  the  X - e x te n t stays co n stan t w ith app lied  voltage, as show n in p a ra g ra p h  
5.3.2. O n  the  con trary , for n o n -re so n an t excitation the  spatial e x te n t decreases for 
b o th  species w ith increasing  bias voltage and , in the  case o f  trions, it tends to th a t 
observed for re so n a n t excitation. A rem ark ab le  observation  is the la rg e r ex ten t o f 
the X - PL, w hich is also observed  in  C dT e QW s (see ch ap te r 6).
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5.4 Analysis and discussion
T h e  sim plest way to describe the  diffusion o r d r if t  o f a p o p u la tio n  o f m obile 
particles is given by the  diffusion equation :
D V 2n(x, y) + ¡iF • Vn(x, y ) + 1 (x, y) -  n(X’y) = —  (5.1)
T dt
w here  D  is the  d iffusion constant, n(x,y) is the  local partic le  concen tra tion , ¡1 is the 
particle mobility, F is the  ex te rn a l force, I(x,y) is the  partic le  injection  profile, an d  T 
is the partic le  lifetim e (see section 2.4.1).
E quation  (5.1) can be app lied  w henever the  d istribu tion  o f  particles in  velocity 
does n o t d e p e n d  on  the  position  an d  can be  well ap p ro x im a ted  w ith the  M axwell­
B oltzm ann th e rm al d istribu tion  (see p a ra g ra p h  2.4) [21]. F or o u r e x p e rim en t this 
co rresponds to assum ing th a t the  tim e n e ed ed  to therm alise  is very sh o rt com pared  
to the  tim e-scale on  w hich the  m otion  occurs. A lthough  this assum ption  is n o t 
justified  a p rio ri, the  diffusion m odel (5.1) can describe the  ex p erim en ta l da ta  
reasonably  well b o th  fo r re so n a n t an d  n o n -re so n a n t excitations, an d  provides a 
useful tool to d e te rm in e  som e o f the  p a ram ete rs  connected  to the m otion.
5.4.1 Determination of the trion mobility
W hen  n o  in -p lane  electric field is ap p lied  to the  sam ple, equa tion  (5.1) can be 
w ritten  as:
D V 2 n( x, y ) + 1 (x, y ) - ^ ^  = | L  (5.2)
T dt
W e have used  equa tion  (5.2) taking I(x,y) to be  p ro p o rtio n a l to the  laser profile. 
For the  lifetim e we have used  the  values the  m easu red  in d ep en d en tly  as a function  
o f  tem p e ra tu re  (for the  300 A Q W  T varies linearly  w ith tem p era tu re , from  177 ps a t
4.2 K to 405 ps a t 12.5 K [13] an d  D has b een  left as a fit p aram eter). T h e  re su lt for 
the 300 A QW  a t 4.2 K is show n in figure 5.9 (D =30 cm2/s).
T h e  calculated curve describes the  da ta  very well dow n to an  in tensity  I= ImaJ5 . 
T h e  d a ta  show a longer tail a t low in tensity  w hich we ascribe to an  effect o f  the  
d ep en d en ce  o f the  lifetim e on  the  trio n  k-vector, w hich is n o t  considered  in  the 
diffusion m odel. H ow ever the  m odel allows to estim ate the  trion  diffusion constan t 
and , by m eans o f  the  E instein  re la tion  D = ^ e k T  the  trion  m obility ;m = 6 .5 T 0 4 cm2/Vs. 
T his value for the  m obility can be  used  to describe the  da ta  for the  en tire  
te m p e ra tu re  ra n g e  m easu red . T h e  solid lines in  figure  5.4 are  the  ex ten ts calculated 
w ith the  d iffusion m odel using  a co n stan t m obility an d  the  m easu red  trion  lifetim e
[13]. T h e  value o f the elec tron  mobility, fo u n d  w ith tra n sp o r t  m easu rem en ts w ith 
nom inally  the  sam e e lectron  density  is ;Me= 2 T 0 5 cm 2/Vs, w hich is in a g reem en t w ith 
the fact th a t the  elec tron  mass is sm aller th an  th a t o f  trions.
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Figure 5.9: Result of the fitting procedure of the PL profile of X- for the 300 A 
QW at 4.2 K with the diffusion equation (5.2).
In  the  case o f  the  100 A Q W  the m obility is fo u n d  to be  104 cm 2/Vs. T h e  lower 
m obility m u st be ascribed to the  h ig h er d iso rd e r in  this Q W  d u e  to s tro n g e r 
in fluence o f  the Q W  surfaces. I t  shou ld  also be  no ticed  th a t a t 4 .2  K  the m easu red  
ex ten t coincides w ith the  laser ex ten t w ith in  the  optical reso lu tion , w hich confirm s 
th a t in  th a t cond ition  the  trions a re  localised, as it has b een  fo u n d  by tim e-resolved 
m easu rem en ts [13].
5.4.2 Trion drift in electric field
T h e  application  o f  an  in -p lane  voltage leads to a force on  the  trions given by 
F = -eE , w ith E being  the  electric field.
W e have used  equa tion  (5.1) to sim ulate  the  da ta  m easu red  a t 4.2 K in the 
p resence  o f  an  in -p lane  voltage using  the  zero  field pa ram ete rs  (D= 30 cm2/s, an d  
t= 177 ps), an d  varying the  electric field. F igu re  5.10 shows the  com parison  betw een  
the ex p erim en ta l d a ta  (panel a) an d  the  calculated curves w ith electric fields w hich 
p rov ide  the  best a g reem en t w ith the ex p erim en ta l da ta  (panel b). Even using  the
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Figure 5.10: X- driven diffusion, the experimental data (a) are qualitatively well reproduced 
by the profiles calculated with the diffusion model in the presence of an in-plane electric field 
(b). Far from the excitation point the data show a longer tail. This discrepancy provides new 
insights in so far unexplored physical mechanisms (see text)
sim ple diffusion m odel o f  equation  (5.1) we can describe the  varia tion  o f  the  PL  
profile  w ith the  ap p lied  voltage very well, w hich is a fu r th e r  confirm ation  th a t 
negative trions behave like free negative particles d rifting  in  an  electric field.
A closer inspection  o f the  calculated curves provides two in te resting  points: the 
ex p erim en ta l curves show a lo n g er tail in  the  reg io n  o f  low in tensity  an d  the  values 
o f  the electric field used  a re  one  o rd e r  o f  m ag n itu d e  h ig h e r th an  those ob ta ined  by 
sim ply d iv iding the  app lied  voltage by the  sam ple leng th  (2 m m , equal to the 
distance betw een  the  source an d  the drain).
L ike befo re  we ascribe the  d ifference in  the  tails o f  the profile  d iscrepancy  to the  
d ep en d en ce  o f  the  recom bination  ra te  on  the  trion  k-vector. A m o re  detailed  
analysis o f  the  ex p erim en ta l da ta  shou ld  use the  k inetic B o ltzm ann  equa tion  (see 
p a ra g ra p h  2.4) avoiding the  diffusion app rox im ation .
T h e  reaso n  for the  h igh  value o f  the  electric field necessary to re p ro d u c e  the 
da ta  is a t p re se n t n o t know n, b u t  we will discuss h e rea fte r two possible causes,
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Figure 5.11: Estimation of the Fermi energy from the width of the PL 
spectrum obtained for zero bias. The high- and low-energy sides of the 
spectrum correspond to the recombination of photo-excited holes with 
electrons close to respectively the Fermi level and the bottom of the 
conduction band.
nam ely  a re d u c e d  elec tron  density  p ro d u c e d  by the  laser illum ination  an d  the  trion  
d rag  by elec tron  tran sp o rt.
Effect o f the laser illumination on the electron density
Previous investigations have  show n th a t illum ination  w ith a laser b eam  leads to a 
red u c tio n  o f  the  elec tron  density  u n d e r  the  laser sp o t [22]. A confirm ation  th a t this 
occurs in o u r ex p erim en t is given by the  estim ation of the  F e rm i energy  fro m  the 
w id th  o f  the  2DEG PL spec tru m  a t zero  bias. In  th a t case the PL w id th  AE 
co rresponds to the  d ifference betw een  the  F erm i edge (h igh energy  side) an d  the 
b an d -g ap  (low energy  side), an d  is given by [22]:
AE = E f (1 + me /m h) (5.3)
W e find  AE = 6.1 m eV  (figure 5.11), which, using  me =  0.067 m 0 an d  mh =  0.15 
m 0 leads to E F= 4 .2  m eV. T his value is considerably low er th an  the  value fo u n d  by
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tra n sp o rt m easu rem en ts in the  sam e sam ple EF= 5 .5  m eV  [22], suggesting  th a t 
in d eed  th e  e lec tron  density  is locally reduced .
A consequence o f this process is th a t also trions feel an  effective rad ia l electric 
field, w ithou t any ex te rn a l voltage. A quan tita tive  analysis o f  this effect requ ires 
fu rth e r  investigation. I t  is expected  th a t e lec tron  density  red u c tio n  d ep en d s on  the 
in tensity  o f  the  laser light. Investigation  o f the  trion  m otion  as a function  o f  the 
excitation in tensity  for no  in -p lane  voltage will fu r th e r  e lucidate  this issue.
Trion drag by scattering with electrons
A pplication o f  an  in -p lane  electric field leads, a p a r t from  a d rift force on  trions, 
also to a flow o f electrons in the  sam e direction . T ak in g  in to  accoun t e lec tron -trion  
scattering, the  re sponse  o f the  trions to the  field is the  com bined  action o f  the  d irec t 
electric force —eE an d  the d rag  force. O u r  m odel neglects the  d rag  force an d  only 
includes the  d irec t force. As a consequence the  m easu red  response  o f  the  trio n  to 
the field m igh t be  la rg e r th an  tha t expec ted  from  the  d irect force alone. T h e  d rag  
force heavily d ep en d s  on  the  elec tron  tra n sp o rt p roperties , th a t is the  conductivity  
o f  the Q W  layer. T h e  d irec t force instead  is in d e p e n d e n t o f  the  ca rrie r density. T h e  
study  o f  trion  m otion  u n d e r  re so n an t excitation  conditions as a function  o f  the 
e lectron  density  shou ld  reveal the  effect o f  the  d rag  force.
5.4.3 Exciton and trion diffusion for non-resonant excitation conditions
W hen  b o th  excitons an d  trions a re  excited, the  diffusive m otion  o f  b o th  species 
shou ld  be taken  in to  account, inc lud ing  the  transfo rm ation  from  one partic le  to the 
o ther. T o  describe o u r n o n -re so n an t excitation ex p e rim en t we have ex ten d ed  
equa tion  5.1 to a system  o f two coup led  d iffusion equations:




TX T -form V J /
= 0
(5.4)
H e re  D X an d  DX_ are  the  d iffusion constants for excitons an d  trions, TX an d  T 
a re  the  respective rad ia tive  lifetimes, an d  Tform is the  trion  fo rm ation  tim e, w hich is 
the  only p a ram e te r  th a t d ep en d s on the e lectron  density. T h e  lifetimes o f  the  two 
species have been  m easu red  in d ep en d en tly  [13] u n d e r  bias voltage conditions for 
w hich respectively only X (tx =  1100 ps) o r  X- ( t  x_= 177 ps) are  p re se n t in  the PL 
spectrum .
In  o u r  descrip tion  we assum e th a t the  pho to -excited  free e lectron-hole  pairs 
re lax  m ainly to excitons. T h e  d irec t fo rm ation  o f  trions is neg lected . T rions are  
exclusively fo rm ed  by excitons trap p in g  an ex tra  e lectron  w ith a characteristic  tim e
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Figure 5.12: X diffusion. The squares correspond to the profile of the X PL 
measured at 4.2 K for non resonant excitation conditions at 1.6 eV, bias voltage -  
0.76 V. The solid line is the curve calculated with the diffusion model for D = 120 
cm2/s and r=1100ps.
co nstan t Tform th a t d ep en d s on  the  e lec tron  density. As the  energy  splitting  betw een  
X an d  X- (~  1 meV) is h ig h er th an  the th e rm al energy  a t 4.2 K (~  0.36 meV) it is 
also reasonab le  to neg lec t the  reverse  effect, i.e. the  dissociation o f  trions in to  
excitons an d  free electrons.
L et us first exam ine the  two ex trem es o f  equations (5.4), th a t is low an d  h igh  
gate voltages. F o r low voltages, i.e. low elec tron  densities, the  X- fo rm ation  tim e is 
very long an d  m u ch  longer th an  the  exciton lifetime, th e re fo re  in  first 
ap p ro x im atio n  we can neglect the  te rm  1/Tform w ith re sp ec t to 1/TX in th e  first 
equa tion  o f  (5.4). By fitting the  m easu red  profile  o f  the exciton PL em ission a t a bias 
o f  -0 .7 8  V we d e te rm in e  DX = 1 2 0  cm2/s (figure 5.12). T h e  excitons diffuse a 
relatively long distance an d  locally form  trions o f  which the  diffusion len g th  is m uch 
sm aller, given the  relatively sh o rt lifetime.
For h igh  elec tron  co n cen tra tio n  (V =-0 .62  V), the trion  fo rm ation  tim e is very 
sh o rt an d  m uch  sh o rte r  th an  the  X lifetime. As a consequence  the  X profile  is very
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Figure 5.13: X and X- PL profiles obatined for non-resonant excitation conditions 
at an applied bias of -0.74 V.
na rro w  an d  weak, an d  eventually  d isappears, as the  trion  fo rm ation  is d om inan t. In  
this reg im e trio n  diffusion becom es re levant. T h e re fo re  the  trio n  PL profile 
coincides w ith the  trion  profile  o b ta ined  u n d e r  re so n a n t excitation conditions (see 
figu re  5.8). W e can describe this coincidence by setting  the  fo rm ation  tim e to zero. 
A ccording to the  u p p e r  equa tion  (5.4) nX ^  0 leads to I(x,y)= nX/iform. As a 
consequence the  second equa tion  (5.4) is equal to equation  (5.2), lead ing  to the 
sam e profile  for re so n a n t an d  n o n -re so n a n t excitation.
In  the  in te rm ed ia te  reg im e the  situation  is m o re  com plex. H e re  the  X - 
fo rm ation  tim e is com parab le  w ith the  X rad ia tive  lifetim e an d  excitons diffuse un til 
they e ith er recom bine  o r form  trions. As a consequence the  trion  profile  is m uch  
la rg e r th an  th a t m easu red  a t re so n a n t excitation  (figure 5.8) b u t  is how ever m ainly 
d e te rm in ed  by exciton diffusion an d  subsequen t trion  fo rm ation  (see also the  results 
o f  a sim ilar e x p e rim en t in  the  case o f  C d T e re p o r te d  in  ch ap te r 6). As a m a tte r o f 
fact, the  local ra tio  betw een  the  X an d  X - concen tra tion  is d e te rm in ed  by a 
dynam ical equ ilib rium  betw een  the  two species, w hich d ep en d s  on the relative
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values o f  the  characteristic  tim es (tx, a n d  Tform) [23]. C onsequently  the  PL profiles 
for X an d  X - a re  qu ite  sim ilar (figure 5.13). A deta iled  descrip tion  o f  these profiles is 
ex trem ely  difficult since the  co n cen tra tion  o f  the  two species is a p rio ri n o t 
hom ogeneous, w hich can re su lt in  a varia tion  o f  the  characteristic  times along the 
profiles. M oreover, the  highly  inhom ogeneous illum ination  is likely to p ro d u ce  a 
local varia tion  o f  the  elec tron  density , w hich also affects the  value o f  the  X - 
fo rm ation  time.
5.5 Conclusions
W e have s tud ied  the  la teral m otion  o f  negative trions in GaAs q u a n tu m  wells by 
im aging th e ir  spatially an d  spectrally  reso lved  PL em ission after point-like 
excitation. W e have show n th a t in  h igh  quality  sam ples trions diffuse from  their 
excitation  p o in t a n d  d rift in the  d irec tion  opposite  to an  ap p lied  electric field, 
d em o n stra tin g  th a t they behave as free negative particles. By te m p e ra tu re  an d  
ca rrie r density  d e p e n d e n t diffusion ex p erim en t we have d e te rm in ed  the  m obility to 
b e  as h igh  as h igh  as ^ = 6 .5 1 0 4cm 2/Vs. T h e  sam e study  p e rfo rm ed  on  a sam ple o f 
low er quality  shows a d ifferen t behaviour, consistent w ith localised trions, o r lower 
m obility ^ = 1 0 4cm 2/Vs.
S tudying  the  m otion  o f  excitons an d  trions after n o n -re so n an t excitation  o f free 
e lec tron-ho le  pairs reveals th a t the  spatial d is tribu tion  o f  trions is generally  
d e te rm in ed  by the  re laxation  o f  m oving excitons. O nly u n d e r  very specific 
conditions o f  e lec tron  co n cen tra tion  the  effect o f  n e u tra l excitons is n o t im p o rtan t 
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Motion of neutral and negatively charged 
excitons in high magnetic fields
Abstract
The in-plane motion o f excitons (X) and negatively charged excitons (X-) in a 
doped CdTe/CdMgTe quantum well has been measured at 4.2 K  and magnetic 
fields up to 12 T, using spatially resolved photoluminescence (PL) spectroscopy.
The populations o f X  and X - have been found  to be in local dynamical equilibrium.
The measured P L  patterns in real space could therefore be described by considering 
free and mobile excitons in equilibrium with localised charged excitons.
6.1 Introduction
T h e  optical p ro p ertie s  o f  u n d o p e d  sem iconducto r q u a n tu m  wells (QWs) are  
d o m in a ted  by coup led  elec tron-ho le  excitations (excitons), analogous to atom ic 
H y drogen . U p o n  a slight increase o f  the  free e lec tron  (or hole) concen tra tion  a 
p ho to -excited  exciton can cap tu re  an  ex tra  e lec tron  (hole) to form  a new  b o u n d  
state [1,2]. This quasi-particle, called negatively (positively) ch arg ed  exciton (or in 
sh o rt trion), leads to the  ap p ea ran ce  o f  add itio n a l peaks in the  spectrum , an d  is 
o ften  considered  to be the  sem iconducto r analogue o f  the  H y d ro g en  ion H - (or 
m olecular ion  H 2+). M agnetic fields (B) have b een  frequen tly  used  to identify  trions, 
because o f  th e ir p ro n o u n c e d  m agneto-optical p roperties. N evertheless very  little is 
know n abou t the  effect o f  B on  the  trion  centre-of-m ass m otion. For exam ple  the 
L orentz  force acting  on  a m oving trio n  shou ld  lead  to the  quan tisa tion  o f the cen tre  
o f  mass m otion, in con trast to a n e u tra l exciton, for w hich the  L orentz  force m erely 
acts on  its constituents. O n  the  o th e r h a n d  the  existence o f  free  an d  m obile trions is 
still a p o in t o f  discussion. At low tem p era tu res  the  ap p ea ran ce  o f the trion  p eak  in
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the  optical sp ec tru m  has been  fo u n d  to be associated w ith the  m etal-insu lato r 
transition , w hich suggests th a t the  trions a re  localised [2], as has been  confirm ed  by 
SN O M  ex perim en ts [3]. T h e  diffusion o f trions in  GaAs QW s, an d  the ir d rift in 
ex te rn a l electric field, w hich d em o n stra te  th e ir existence as free  partic le  has been  
recen tly  re p o r te d  [4]. In  this p a p e r  we re p o r t  the  study  o f  exciton an d  trio n  m otion  
in C dT e.
W e p resen t spatially reso lved  pho to lum inescence  (PL) m easu rem en ts in 
m agnetic  fields u p  to 12 T  an d  at 4.2 K, a im ed to study  the  d ifference in  la teral 
diffusion o f  excitons an d  trions. W e have fo u n d  tha t the  PL spatial ex ten t o f  both 
excitons a n d  trions is considerably  la rg e r th an  the  excitation spot o f  the  laser, which 
suggests tha t b o th  excitons an d  trions a re  m obile. H ow ever, this can be exp la ined  by 




T h e  e x p e rim en t was p e rfo rm ed  on  a m od u la tio n  d o p ed  80 A w ide C d T e  single 
QW , grow n by MBE on  a GaAs substra te . T h e  co n cen tra tion  o f  excess electrons (ne) 
was 2 T 0 10 cm-2, p ro v id ed  by Io d in e  d o p in g  o f  the  C dM gT e b a rrie r, using  a 100 A 
spacer layer. T h e  sam ple was m o u n ted  inside a 12 T  su p erco n d u c tin g  m agnet 
(Faraday  geom etry) an d  cooled dow n to 4.2 K. T h e  beam  o f a H eN e  laser (non ­
re so n an t excitation) was focused on to  the  sam ple surface by a 40X  m icroscope 
objective. By in sertion  o f  a spatial filter in the excitation  p a th  the  laser spo t d iam eter 
(defined  as the  full w id th  at 1/e o f  the  m ax im um  PL intensity) could  be sm oothly 
tu n e d  from  1.6 to 32 |J.m, b u t  in the  p re se n t case only point-like excitation (spot size
1.6 |J,m) was used. T h e  PL em ission o f  the  sam ple, collected by the sam e m icroscope 
objective, was im aged  on  the  en tran ce  slit o f  an  im aging m o n o ch ro m ato r an d  
d e tec ted  by a CCD cam era. T h e  resu lting  p ic tu re  on  the  CCD cam era  is a set o f  PL 
spectra, spectrally  resolved along  the  ho rizon ta l axis o f  the  CCD cam era  an d  
spatially reso lved  along the  vertical axis. T h e  geom etry  o f  the se t-up  fixes the  spatial 
ra n g e  to 32 p.m, w hile the  spatial re so lu tion  is lim ited  to ab o u t 0.7 |J,m. In  o rd e r  to 
d istinguish  the  two sp in  states o f  b o th  exciton an d  trion  PL em ission a A/4 p late  an d  
a linear po lariser w ere used. For fu r th e r  details on  the  ex p erim en ta l se tu p  see 
ch ap te r 3.
A typical spectrally  an d  spatially reso lved  PL im age is show n in figure  6.1c, 
reco rd ed  with O- po larisation  a t B = 12 T . For com parison  figure 6.1b shows the  rea l 
space im age o f  the  laser spot, as it is m easu red  in reflection. T h e  sp ec tru m  (figure 
6.1d) consists o f  two peaks, labelled X (exciton) a n d  X- (negatively ch arg ed  exciton) 
w ith an  energy  sep ara tio n  o f  ~ 3  m eV , w hich is given by the  b in d in g  energy  o f  the 
second e lectron  o f  the  trion . T h e  spatial ex ten t o f  b o th  the  X an d  X- peaks (figure 
6.1a) is considerably  la rg e r th an  the  d iam ete r o f  the laser excitation, w hich suggests
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Figure 6.1: Panel c) Spatially and spectrally resolved PL image (B = 12 T, T=4.2 
K). The greyscale is a linear representation of the PL intensity. Panel a) and d) 
represent a cross section of the PL along the dotted lines. For comparison, the 
laser spot, as it is measured in reflection, is also shown (panel b).
that bo th  X an d  X- a re  m obile a n d  a re  able to diffuse o u t o f  the  photo -excited  spot 
w ith in  th e ir  lifetim e. In  general, as the  excitation  is n o n -re so n an t a n d  we canno t a 
p rio ri exclude effects o f  the  d iffusion o f  free electrons an d  holes on  the  observed 
m otion. H ow ever, as it will be  show n in th e  following, the  d iffusion o f  only excitons 
is consistent w ith the  d a ta  an d  is sufficient to explain  the  large spatial ex ten t o f  the 
PL for b o th  X an d  X -.
6.3 Exciton and trion diffusion at B=0 T
F igu re  6.2a shows several cross sections o f  the PL im age re co rd ed  at B = 0  T, 
co rresp o n d in g  to PL spectra  em itted  from  d iffe ren t positions (symbols). In  o rd e r  to 
quantify  the  local PL in tensity  o f  th e  partially  overlapp ing  X an d  X - peaks all the  
spectra  o f  the  PL im age have been  fitted  by a doub le  V oigt function  (solid curves in 
figure  6.2a) [3]. T h e  re su lting  no rm alised  spatial profiles o f  the  PL intensities o f  X 
(open  circles) an d  X - (closed circles) a re  show n in figure 6.2b, to g e th e r w ith the 
profile  o f  the  laser (dashed  line). F rom  figu re  6.2b it follows th a t a t zero  field the
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Figure 6.2: a) PL spectra for different positions on the sample at B = 0 T and T=4.2 
K (symbols). The solid lines have been obtained by fitting the spectra by a double 
Voigt function. b) Spatial profile of the spectrally integrated PL intensities for both X 
(open circles) and X- (closed circles).
spatial ex ten t o f  b o th  peaks is app rox im ate ly  the  sam e. In  o th e r w ords, the  in tensity  
ra tio  betw een  the X an d  X - peaks is constan t over the  detec tion  reg ion . I t  is 
im p o rta n t to n o te  tha t to explain  the  m easu red  PL  p a tte rn s  it is sufficient th a t only 
one  o f  the  species, for instance  the  exciton, is m obile in  o rd e r. After ph o to ­
excitation, excitons a re  able to diffuse ou t o f  the  a rea  o f  excitation an d  to create  
trions there . T h e  sh ap e  o f  the  PL  profiles is th en  d e te rm in ed  m erely  by the  local 
fo rm ation  dynam ics o f  the  trions.
Q uantitatively , the  X an d  X - popu la tions strive to reach  the  equ ilib rium  given 
by the  law o f mass action [5,6]:
n xn -
— = K(T) (6.1)
n ­
X
w here  K is a te m p e ra tu re  d e p e n d e n t constant. A ccording to (6.1) the  ra tio  betw een 
the  exciton  (nX) an d  trion  (nX-) concen tra tion  at a given te m p e ra tu re  dep en d s only 
on  the  elec tron  co n cen tra tion  (ne). S ince ne is in  first ap p ro x im atio n  constan t 
th ro u g h o u t the  sam ple (given by the  am o u n t o f  doping), the  constan t ra tio  betw een
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Figure 6.3: PL profile for X- recorded after resonant excitation at 5 K and 
20 K. For comparison the laser profile is also plotted (dotted line) .
the  X an d  X" PL intensities po in ts to a local equ ilib rium  betw een  them , assum ing 
th a t the  local X (X") PL in tensity  is p ro p o rtio n a l to the  local c a rrie r X (X") 
concentration . T h e  slight varia tion  o f the  X/X" ra tio  in figu re  6.2b is p robably  d u e  to 
the fact th a t also the  ra tio  be tw een  n X an d  n e m odifies the  equ ilib rium  popu lations 
an d  th a t ne varies d u e  to the  excitation  profile, w hich is neg lected  in  equa tion  (6.1). 
As a re su lt o f  the  large varia tion  in  nX th ro u g h o u t the  PL im age the  X/X" intensity  
ra tio  changes slightly, i.e. w ith decreasing  exciton co n cen tra tion  the  relative exciton 
PL in tensity  reduces.
As we will see in th e  n ex t section, th e  w ide profile  for b o th  X an d  X" can be 
exp la ined  by m otion  o f  X th a t form  X" locally accord ing  to equa tion  (6.1). Evidence 
o f  the  localisation o f  trions is also given by im ages re c o rd e d  w ith the  laser energy  
re so n a n t w ith the  X" abso rp tion  peak. In  figure  6.3 we have p lo tted  the  X" PL 
profiles o b ta ined  for re so n a n t excitation  at 5  K  an d  20 K, th a t coincide w ith the  
laser profile  (w ithin th e  spatial resolution).
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Figure 6.4: Spatial profiles of the spectrally integrated X and X" PL 
intensities for O" (a) and o+ (b) polarisation, recorded at 12 T and 4.2 K. 
The dashed curves correspond to the spatial profile of the laser excitation. 
The PL spectra (obtained in correspondence of the laser excitation spot) 
are shown in panel c).
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a) b)
magnetic field (T) magnetic field (T)
Figure 6.5: Width of the PL profile for X and X" determined at 1/e of the PL peak intensity, 
for O" (a) and o+ polarisation (b).
6.4 Exciton and trion diffusion in magnetic fields
T h e  m ain  effect o f  B on  the  spatial d istribu tion  o f  the excitons an d  trions is 
visible in  the  PL im ages taken  a t h igh  B (> 7  T). F igu re  6.4 shows the  spatial 
d istribu tion  o f  the  PL intensities o f  the  X an d  X" peaks for O" (a) an d  O+ (b) taken  at 
B =  12 T. T h e  relative in tensities o f  the  two peaks d e p e n d  strongly  on  the  spin 
o rien ta tio n  o f  the  (charged) excitons. T h e  co rresp o n d in g  PL spectra , for b o th  O" 
an d  O+ polarisations are  show n in figu re  6.4c.
In  o rd e r  to quantify  the  d ep en d en ce  o f  the  PL spatial d is tribu tion  o n  B we have 
p lo tted  in  figure  6.5 the  w id th  o f  the  spatial profile  a t 1/e o f  the  peak  in tensity  for 
b o th  the  O" (figure 6.5a) an d  O+ (figure 6.5b) data. T h e  m agnetic  field does n o t have 
any effect on  the  profile  o f  X an d  X" in the  O+ data. O n  the  con trary , for O" 
po larisation , the  spatial ex ten t o f  the  X profile  grows considerably  w ith B, an d  we 
also observe a slight increase in  the  spatial e x te n t o f  the X " profile.
T h ese  observations a re  consisten t w ith the  assum ption  o f  localised trions an d  
m obile excitons, tak ing  in to  accoun t the  trion  fo rm ation  processes in  m agnetic  field
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Figure 6.6: Schematic representation of the trion formation process in an 
external magnetic field from excitons and electrons [6].
(figure 6.6). T h e  m agnetic  field splits off the  Zeem an com ponen ts o f  all re lev an t 
species (figure 6.4c), as show n schem atically in  figu re  6.6 [6]. W hen  the  electron 
Zeem an sp litting  is la rg e r th an  kT  the  tw o"dim ensional e lec tron  gas becom es 
com pletely  polarised . As a consequence the  probability  for O" excitons to cap tu re  
spin"up electrons to c rea te  trions is very low. I t  shou ld  be  no ticed  th a t the  e lectron  
po larisation  does n o t d irectly  in fluence the  previously observed  trio n  po larisation  
[6,7,8], w hich is d o m in a ted  by the hole Z eem an splitting [6]. In  the  sim ple p ic tu re  o f 
figure 6.6, the  m agnetic  field d ep en d en ce  o f  the PL profile  can qualitatively be 
exp la ined  as follows: the  optically excited  excitons a re  m obile a n d  diffuse away from  
the excitation area. O+ excitons can easily find  sp in  dow n electrons to form  trions. 
F o r every value o f  B, the exciton  diffusion is th en  lim ited by the  trion  fo rm ation . In  
contrast, the  m agnetic  field inhibits th e  fo rm ation  o f  trions iro m  O" excitons d u e  to 
the  absence o f  electrons in  the  p ro p e r  sp in  state. T h e  exciton diffusion is th erefo re  
n o  longer lim ited  by the  trio n  form ation , w hich leads to a significantly la rger 




L atera l m otion  o f  excitons an d  negatively ch arg ed  excitons in a d o p ed  
C dT e/C dM gT e Q W  has b een  m easu red  by m eans o f spatially resolved PL 
spectroscopy in  h igh  m agnetic  fields. T h e  PL spatial ex ten t o f  both X an d  X " 
considerably  exceeds the  laser excitation spot. N evertheless the  m easu red  n e u tra l 
an d  ch arg ed  exciton spatial d istribu tions can be  ex p la ined  by assum ing th a t only the 
excitons a re  m obile an d  free  to m ove an d  a re  in local dynam ical equ ilib rium  w ith 
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Chapter 7
Two dimensional excitons in large magnetic 
field gradients
Abstract
Inhomogeneous magnetic fields are used to exert a magnetic force on two­
dimensional excitons. The large field  gradients are produced by positioning a thin 
magnetised stripe o f  Dysprosium on top o f  a semi-magnetic CdMnTe/CdMgTe 
quantum well. By measuring the photoluminescence energy and intensity, spatially 
resolved with ¡Mn resolution, the actual value o f the local magnetic force, which can 
be as high as 0.4 meV/Mm, and its effect on the exciton motion is determined.
7.1 Introduction
Spatially inhom ogeneous m agnetic  fields have b een  frequen tly  used  to con tro l 
the  m otion  o f  electrically n e u tra l physical systems, like atom s an d  m olecules. O ne 
im p o rta n t exam ple is the  use o f  a m agnetic tra p  to confine atom ic gases to a lim ited 
reg io n  o f  space, w hich recently  has p e rm itted  the  observation  o f  Bose"Einstein 
condensation  [1]. T h e  u n d erly in g  trap p in g  m echanism  stem s from  the  fact th a t in  a 
given m agnetic  field g ra d ie n t VB  an  object w ith a certa in  m agnetic  m o m en t m, 
experiences a m agnetic  force F  given by F=m VB. R ecently it has b een  show n th a t 
this m agnetic  force even can be  u sed  to tra p  diamagnetic biological tissue, includ ing  
living c rea tu res as frogs o r g rasshoppers [2], o r ferromagnetic objects [3].
In sp ired  by these studies we w an t to ex p lo re  the  possibility to m agnetically 
confine excitons in  sem iconducto r h e te ro stru c tu res . T h e re fo re  we study  the  effect o f
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the  m agnetic  force on  two d im ensional (2D) particles in a sem iconducto r q u an tu m  
well (QW), w here  th e  th in  layer restricts the  lo ng itud ina l a n d  the  m agnetic  force the 
la tera l m ovem ent. In  a n o n m agnetic  Q W  all particles, i.e. electron, holes an d  b o u n d  
elec tron-ho le  pairs (excitons), exh ib it a d iam agnetic  re sp o n se  to an  ex te rn a l 
m agnetic  field, w hich m eans tha t they all a re  d riven  to the  sam e reg io n  o f  space 
w here  the  field is lowest. In  this sense using  m agnetic  forces to spatially confine 
excitons is fundamentally d iffe ren t from  its electrostatic  c o u n te rp a r t [4], w here  the 
electric force is opposite  for electrons an d  holes, d riv ing  th em  ap art. In  o rd e r  to 
realise the  field g rad ien ts  s trong  en o u g h  to con tro l the m otion  o f  excitons it is 
necessary to vary the  field considerably  (few Tesla) on  a distance com parab le  to the 
typical exciton  diffusion lengths (few |J,m).
In  this ch ap te r we d em o n stra te  how  to p ro d u ce  such field g rad ien ts by 
position ing  a th in  m agnetised  D ysprosium  (Dy) s tripe  d irectly  on  top  o f  a QW , an d  
how  to m easu re  this g rad ien t an d  its effect on  the  exciton  m otion  by using  spatially 
reso lved  pho to lum inescence  (PL) a n d  PL-excitation (PLE) spectroscopy.
7.2 Experimental geometry
T h e  exp erim en ta l geom etry  is show n in figure 7.1. A 25 |J,m thick poly crystalline 
Dy foil, he ld  by an  A lum in ium  oxide ho lder, was positioned  on  top  o f a 
sem iconducto r QW . In  o rd e r  to m inim ise the  distance betw een  the  foil an d  the  QW  
the  A lum in ium  oxide h o ld e r was carefully polished. T h e  Q W  s tru c tu re  has been  
grow n by MBE o n  a Z nT e substra te  an d  consists o f  the  following layers: 0.7 |J,m 
C dM gT e buffer, followed by th ree  198 A w ide C dM nT e QW s, sep a ra ted  by 486 A
O
w ide C dM gT e b a rrie rs  an d  finally a C dM gT e cap layer o f  486 A thickness. T h e  M n 
co n ten t o f  the th ree  QW s varies from  11%, 5% to 2.4 % going  from  substra te  to cap 
layer. T h e  results described  in  this p a p e r  have b een  o b ta ined  on  the  m idd le  QW  
w ith a M n co n ten t o f  5%.
T h e  sam ple was m o u n ted , w ith the  substra te  side up , on  a x-y m icrom etric  
transla tion  stage, p u t inside a 12 T esla su p erco n d u c tin g  m ag n et a n d  cooled dow n to
4.2 K. T h e  beam  o f a c.w T i:sap p h ire  laser was focused on  the  Q W  plane, using  a 
10x m icroscope objective. L aser excitation an d  detection  o f  the  PL occurs th ro u g h  
the  Z nT e substra te  which, because o f  its large b an d -g ap  energy  (2.4 eV), is 
tra n sp a re n t in  the  re lev an t reg io n  o f  the  optical transitions o f  the C dM nT e QW. As 
such it is possible to m easu re  the  PL a n d  PLE spectra  as a function  o f  position  w ith 
re sp ec t to the  Dy stripe. By in sertion  o f  a spatial filter in the  exciting laser beam , the 
laser spo t d iam ete r in the  Q W  p lan e  can be sm oothly varied  from  1 to 100 |J,m. T h e  
PL em ission o rig ina ting  from  the  Q W  is collected by the m icroscope objective an d  
focused to the  en tran ce  slit o f  an  im aging m o n o ch ro m ato r an d  d e tec ted  by a CCD 
cam era. T his results in a PL spec tru m  th a t is b o th  spectrally- (along the  horizon ta l 
axis o f  the  CCD cam era) as well as spatially-resolved (along the  vertical axis). In  case
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Figure 7.1: Schematic layout of the experimental geometry.
o f PLE m easu rem en ts the  Q W  em ission was d e tec ted  by a cooled GaAs 
pho tom ultip lie r. For fu r th e r  details on  the  ex p erim en ta l se tu p  see ch ap te r 3.
I t  is clear th a t in  o rd e r  to m axim ise the  m agnetic  force b o th  the  field g ra d ie n t 
an d  the  m agnetic  m o m en t o f  the exciton shou ld  be m axim ised. T h e re fo re  we have 
chosen  to use Dy as m agnetic  m aterial, because it has a very h igh  sa tu ra tion  
m agnetisa tion  (abou t 3.2 T), w hich is a lready  reach ed  a t relatively low fields (< 5  T)
[5]. T o  increase the  m agnetic  m o m en t o f  the  2D excitons we have chosen a Q W  of 
C dM nT e, o f  w hich the  low est exciton level shows a large dow nw ard  energy  shift 
w ith increasing  m agnetic  field, d u e  to the  exchange in te rac tion  o f  the  excitons an d  
the  M n"ions [6]. For the sam ple u n d e r  study  this paramagnetic shift is as la rge  as "9 
m eV /T, w hich is significantly la rg e r th an  the  diamagnetic shift o f  excitons in  n o n ­
m agnetic  m ateria l like (In)GaAs, w hich was used  in  previous studies [7,8]. I t  shou ld  
b e  n o ted  th a t these p aram ag n etic  excitons ten d  to go in the  opposite  d irection , 
tow ards reg ions o f  h igh  field, as co m p ared  to the  d iam agnetic  excitons in 
n o nm agnetic  QWs.
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Figure 7.2. Panel a): PL intensity as a function of wavelength (horizontal axis) 
and position (vertical axis) in a background field of 2.5 T. The grey scale of the 
PL intensity turns from white to black with increasing signal. The position of 
the Dy stripe is indicated by the dashed lines. Panel b): Selected PL spectra, 
extracted from the complete image on the left panel, for several positions with 
respect to the Dy stripe
7.3 Determination of the magnetic fie ld  gradient
A typical spatially a n d  spectrally  resolved PL im age, taken  in  a b a ck g ro u n d  field 
o f  2.5 T, is show n in figure  7.2a. T h e  sam ple is positioned  in  such a way th a t the 
laser spo t o f  90 |J,m d iam ete r partially  covers the  Dy stripe. T h e  cen tre  o f  the  stripe  
co rresponds to the  0 |J,m position  in the  figu re  7.2a. F igu re  7.2b shows the  reg u la r  
PL traces, ex trac ted  from  the  im age, a t selected positions w ith re sp ec t to the Dy 
stripe. I t  is clear th a t the  peak  w avelength  o f  the  PL d ep en d s  strongly  on  the 
position  on  the sam ple surface, because o f  the  locally varying field. Far from  the  Dy 
(30 |J,m) the  p eak  position  is only d e te rm in ed  by the  ap p lied  b a ck g ro u n d  field, 
w hereas on  top  o f  the  Dy (0 |J,m) the  peak  w avelength  co rresponds to the  sum  o f 
b a ck g ro u n d  field an d  the  m agnetisa tion  field o f  the  Dy. T his spatial d ep en d en ce  o f 
the  shift in  w avelength  is nicely re p ro d u c e d  w hen  m easu red  a t d iffe ren t positions 
a long  the  Dy stripe. F u rth e rm o re  the  shift is n o t observed  in  absence o f  the 
b a ck g ro u n d  field o r for fields h ig h er th an  the  sa tu ra tio n  field o f  the  M n-ions in  the
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Position (|im)
Figure 7.3: Measured magnetic field profile as a function of the position 
with respect to the Dy stripe (symbols), whose position is indicated by the 
dashed lines. The solid curve is the calculated field of a 25 |J,m thick 
uniformly magnetised (2.5 T) stripe at a 4.5 |J,m distance.
QW , an d  th e re fo re  the  shift is n o t re la ted  to any k ind  o f  inhom ogeneity  in  the
sam ple.
T o  convert the  w avelength  shift to the  local value o f  the m agnetic  field, the  
precise field d ep en d en ce  o f the  PL was m easu red  a t a position  far from  the Dy 
stripe, w h ere  the  local field equals the  b ack g ro u n d  field. T h e  resu ltin g  m agnetic  
field profile  is displayed by the  symbols in figure 7.3, w hich reveals a field 
e n h an cem en t o f  0.9 T  on  top o f  the  Dy in  a b ack g ro u n d  field o f  only 2.5 T. In  Fig. 3 
this en h a n c e m en t is co m p ared  to a num erica l evaluation o f  the  field co m p o n en t 
p e rp en d icu la r  to the  QW , g en e ra ted  by an  uniform ly  m agnetic  film o f 25 |J,m 
thickness an d  a m agnetic  polarisability o f  2.5 T  (solid curve). T h e  calculations 
p ro p erly  describe the  ex p erim en ta l results p ro v id ed  the  d istance betw een  the  Q W  
an d  the Dy was taken  to be  4.5 p,m. T his d iscrepancy is p robably  caused by the 
surface ro u g h n ess  o f  the  A lum inium  oxide w hich holds the  Dy.
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B0 (T)
Figure 7.4: Measured magnetic field enhancement, corresponding to the extra field 
induced by the Dy stripe, as a function of applied field. The arrows denote the sweep 
direction of the background field
7.4 Optical magnetometer
T h e  e n h an cem en t o f  the  local m agnetic  field obviously d ep en d s on  the ap p lied  
b a ck g ro u n d  field, an d  can be  d irectly  m easu red  w ith use o f  the  calib rated  field 
d ep en d en ce  o f  the  excitonic em ission, as is described  above. T h e  resu lting  m agnetic 
field en h a n c e m en t on  top  o f  the  Dy s tripe  as a function  o f  the  app lied  m agnetic 
field is show n in figure  7.4. F igu re  7.4 shows th a t a fter sw eeping to a field o f  ab o u t 2 
T  an d  a rriv ing  back a t 0 T  a rem an en ce  field o f  0.25 T  is still p resen t. T his local 
field only re tu rn s  to zero  after app ly ing  a coercive field o f  -0 .1 5  T . O bviously the 
local field reflects the  m agnetic  p ro p ertie s  o f  the  Dy, inc lud ing  hysteresis, w hich as a 
consequence can be  m easu red  by o u r  optical technique. F igu re  7.4 illustrates the 
possibility o f  using  PL as a spatially reso lved  optical m ag n eto m eter, o f  w hich the 
pe rfo rm an ce  can be  im proved  n o t only by dow nscaling it to sub-|J,m dim ensions 
(scanning p ro b e  techniques), b u t  also w ith a h ig h er sensitivity by increasing  the 
m agnetisa tion  o f  the Q W  m aterial.
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7.5 Magnetic force and its effect on exciton motion
T h e  m agnetic  force is given by:
n n  dE dB dE ^
F  = m VB = -------------= -------  (7.1)
dB dx dx
an d  consequently  it can be  d irectly  d ed u ced  from  the  ex p erim en ta l da ta  o f  the PL 
peak  position  versus position. T h e  local m agnetic  force co rresp o n d in g  to the  field 
profile  o f  figure 7.3 is show n in figure.7 .5 . T h e  m ax im um  value o f  the  m agnetic  
force th a t could  be realised, u n d e r  the  p re se n t ex p erim en ta l conditions, was o f  the 
o rd e r  o f  0.4 m eV /^m , co rresp o n d in g  to ab o u t 10-16 N, w hich w ould  give an  
acceleration  o f ab o u t 1015 m/s2 to an  excitonic mass. T h e re fo re  it is expected  th a t 
such a  large force w ould  affect the  exciton m otion  considerably, in a d d itio n  to the 
n o rm a l diffusion, w hich w ould lead  to local m odula tions o f  the  PL in tensity  or 
lineshape. H ow ever, close inspection  o f  PL im ages in the  p resence  o f  large field 
g rad ien ts, as show n in Fig. 3, do  n o t show  any variations in  the  PL em ission, a p a r t 
from  those arising  from  spatial inhom ogeneities, w hich a re  no t re la ted  to the
position (|im)
Figure 7.5: Experimentally determined force acting on the 2D excitons, corresponding 
to the field profile shown in figure 7.3.
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grad ien t. Also for po in t-like excitation, using a laser spo t w ith a d iam ete r o f  several 
|J,m an d  scanning  the  position  on  the sam ple w ith re sp ec t to the Dy, an d  thereby  
varying the  field g rad ien t, the  sam e conclusion was reached . T hese  experim en ts 
show tha t the  ac tual sam ple a rea  from  w hich the  PL is em itted , is equal to the 
exciting laser spot. T his points to the  fact that, in  o u r sam ple, the  typical d istance a 
photo -excited  exciton  can d rift w ith in  its lifetim e is sm aller th an  the  reso lu tion  o f 
o u r  de tec tion  schem e, w hich is ab o u t one  p,m. W e a ttrib u te  this to s trong  p o ten tia l 
fluctuations in o u r  sam ple, w hich localises the  excitons. In  o rd e r  to investigate this 
po in t we have p e rfo rm ed  PLE m easu rem en ts in  the  absence o f m agnetic  field or 
field g rad ien t. T h e  d ifference betw een  the  peak  in  PLE intensity, w hich co rresponds 
to the  abso rp tion  o f  free  excitons, an d  the  peak  in detec tion  (Stokes shift) was found  
to be 5 ~ m eV , w hich suggests th a t the  detec ted  PL em ission o rig inates iro m  excitons 
tha t a re  localised in  reg ions o f  lower energy . As long as the typical localisation 
energy  (5 meV) d iv ided  by the  typical localisation len g th  (estim ated to be  10-100 
nm ) is la rger th an  the  m agnetic  force ap p lied , as is the  case in  the  p resen t 
experim en t, no  effects o f  the  field g rad ien t on  the  exciton m otion  can be  expected.
7.6 Conclusions
W e have d em o n stra ted  the  possibility to p ro d u ce  s trong  g rad ien ts  o f  m agnetic 
field in  the  p lane  o f  a sem iconducto r QW , by position ing  a th in  s tripe  o f  m agnetic 
m ateria l on  top  o f  the well. T h e  ac tua l field profile  a n d  the  resu lting  m agnetic  force 
has b een  experim enta lly  d e te rm in ed  w ith use o f  a  spatial d e p e n d e n t optical set-up, 
w hich acts as a  local optical m ag n eto m eter. T h e  effect o f  the  m agnetic  force on  the 
excitonic m otion  could  no t be  detected , p robably  d u e  to s trong  localisation o f  the 
pho to -excited  excitons. Im p ro v in g  the  ex p erim en ta l conditions, i.e. en h an c in g  the 
m obility o f  the  excitons a n d  the  ac tual field g rad ien t, will be  necessary in  o rd e r  to 
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T h e  low te m p e ra tu re  optical p ro p ertie s  o f  sem iconducto r q u an tu m  wells a re  
d o m in a ted  by excitonic com plexes, i.e. a  few charges b o u n d  to g e th e r by the  m u tu a l 
C oulom b in teraction . Excitonic com plexes have b een  widely s tud ied  in  the  p ast n o t 
only for the ir im p o rtan ce  in the  physics o f  sem iconductors, b u t also because they 
re p re se n t m odel systems for the  in te rac tion  betw een  a  sm all n u m b e r o f  charges. 
T his thesis studies the  m otion  o f  the centre-of-m ass o f  n e u tra l excitons (one elec tron  
a n d  one  hole) a n d  negatively ch arg ed  excitons (two electrons a n d  one  hole) w ith 
respect to the  h ost sem iconductor.
A gen era l in tro d u c tio n  to the  m otivations o f  the  research  on  the exciton m otion  
has b een  given in  ch ap te r 1. C h ap te r 2  has b een  ded ica ted  to a  descrip tion  o f the 
g en era l concepts necessary to u n d e rs ta n d  the  ex p erim en ta l results p resen ted . T h e  
concepts o f  sem iconducto r q u an tu m  well a n d  o f  q u an tu m  well excitons a n d  ch arg ed  
excitons have b een  in tro d u ced , followed by som e generalities on  the  diffusive 
m otion  o f  excitons in  q u a n tu m  wells.
T h e  ex p erim en ta l a p p ro ach  a d o p te d  to study  the  exciton m otion  was based  on 
a n  im aging technique. T h e  pho to lum inescence  em itted  by the  sam ple is focussed on 
the  en tran ce  slits o f  a  m o n o ch ro m ato r a n d  d e tec ted  by a  CCD cam era. T h e  im age 
re c o rd e d  on  the  CCD cam era is th e re fo re  spectrally  reso lved  a long  one  axis, a n d  
re c o rd e d  by a  CCD cam era, a n d  spatially reso lved  along  the  o th er. T h e  details o f 
the  optical se tu p  developed  for this p u rp o se  a re  described  in  ch ap te r 3 after a  b rie f  
in tro d u c tio n  to the  pho to lum inescence  a n d  pho to lum inescence  excitation 
techniques.
It is generally  believed th a t exciton m otion  a t low te m p e ra tu re  is strongly  
lim ited  by d iso rd e r in tro d u ced  by the  ro u ghness o f  the  q u an tu m  well interfaces. 
H ow ever, in ch ap te r 4 w here  the  exciton m otion  in  the  reg im e o f vanishing 
d iso rd e r (high quality  sam ples) has b een  stud ied , it has b een  fo u n d  tha t for
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relatively w ide q u a n tu m  wells (200 A) an d  a t low tem p e ra tu re  n o t only does exciton 
move, b u t also the  diffusive reg im e o f exciton m otion  breaks dow n. Excitons free 
m otion  ap p ea rs  to have a  m uch  longer m ean  free p a th  th an  ever expec ted  b o th  
experim en ta lly  a n d  theoretically. T here fo re , in  o rd e r  to explain  o u r da ta  we im ply 
the  in -p lane  p ro p ag a tio n  o f  excitonic po laritons.
Since the first ex p erim en ta l observation  o f  ch arg ed  excitons, th e re  has been  
quite  a  deba te  w h e th e r they a re  free, m oving particles, o r they a re  localised. In  
c h ap te r 5 it is show n tha t in  h ig h  quality  q u an tu m  wells, negatively ch arg ed  excitons
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drift in  the  p resence  o f  an  in -p lane  electric field, w hich d em onstra tes the ir existence 
as free negative particles. M oreover the  results show the  possibility to m an ipu la te  
optical excitations w ith ex ternally  ap p lied  fields.
T h e  ex p e rim en t described  in ch ap te r 6  s tud ied  the  d ifferen t effect o f  an  
ex te rn a l m agnetic  field on  the  m otion  o f  n e u tra l a n d  negatively ch arg ed  excitons. 
T h e  d a ta  show th a t excitons a n d  negatively ch arg ed  excitons a re  in  dynam ical 
equilibrium , a n d  tha t localised trions a re  fo rm ed  locally by m oving excitons. T h e  
m ain  effect o f  the  m agnetic  field is th a t o f  inh ib iting  the  ch arg ed  exciton fo rm ation  
from  the  excitons by polarising  the  ex tra  electrons.
Finally in  ch ap te r 7 the  possibility o f  m an ip u la tin g  n e u tra l excitons w ith 
ex te rn a l forces is exp lo red . T h e re , a  m agnetic  field g rad ien t is used  as a  source o f 
an  ex te rn a l force. A m icrom eter-size m ag n e t is p laced very close to a q u a n tu m  well, 
gen era tin g  a  local varia tion  o f  the  m agnetic  field a n d  as a  consequence, o f  the 
exciton m agnetic  energy. T h e  ch ap te r shows the  possibility to create  a  very s trong  




De optische e igen sch ap p en  van halfgeleider k w an tu m p u tten  w orden , bij lage 
tem p era tu ren , g ed o m in eerd  d o o r excitonische com plexen. D eze bestaan  u it een  
k lein aan ta l lad ingen , d ie  aan  elkaar v e rb o n d en  zijn d o o r de  w ederzijdse C oulom b- 
in teractie . Excitonische com plexen  zijn in  h e t v erled en  in tensie f b e s tu d eerd , n ie t 
a lleen vanw ege h u n  be langrijke  ro l in  de  halfgeleiderfysica, m aar ook o m d a t ze een 
m odelsysteem  vorm en  voor de  in terac tie  tussen een  klein aan ta l lad ingen . In  d it 
p roefschrift w ord t de  bew eging van he t exciton b es tu d eerd , ten  opzichte van de 
o m rin g en d e  halfgeleider, van zowel n eu tra le  excitonen  (één e lectron  en  één  gat) 
als van neg a tie f ge laden  excitonen  (twee e lec tronen  en  een  gat), ook wel trio n en  
genoem d.
De m otivatie voor h e t o n d erzo ek en  van de  bew eging van  excitonen  staat 
beschreven  in  hoo fdstuk  1.
H oofdstuk  2 is gewijd aan  een  beschrijv ing van de  concep ten  d ie  nod ig  zijn om  
d e  ex p erim en te le  re su lta ten  van  d it p roefschrift te k u n n e n  besp rek en , zoals 
halfgeleider k w an tu m p u tten , (geladen) excitonen  gevolgd d o o r een  algem ene 
beschrijv ing van d e  diffuse bew eging van  excitonen  in kw an tu m p u tten .
De exp erim en te le  b en ad e rin g  d ie tijdens het p ro m o tieo n d erzo ek  g eb ru ik t is 
voor de  b es tu d e rin g  van d e  bew eging van  excitonen  is gebaseerd  op  een  afbeeldings 
techniek  m .b.v. een  speciaal o n tw o rp en  m icroscoop. De fo to lum inescentie, 
u itg ezo n d en  d o o r he t p rep a raa t, w ord t afgebeeld  op  de  ingangssp leet van  een 
m o n o ch ro m ato r en  d aa rn a  g ed e tec tee rd  d o o r een  CCD cam era. Z odoende  is de 
afbeeld ing  o f  d e  CCD cam era spectraa l opgelost langs d e  ene  as, en  p laatsopgelost 
langs de  a n d e re  as. De details van de  ex p erim en te le  opstelling  w o rd en  beschreven  
in  h oo fdstuk  3, na  een  k o rte  beschrijv ing van  h e t fo to lum iniscentie proces en  de 
versch illende m ogelijkheden  to t excitatie h iervan.
A lgem een w o rd t aan g en o m en  d a t d e  bew eging van  excitonen  bij lage 
te m p e ra tu ren  v e rh in d e rd  w ord t d o o r w anorde , d ie voo rtkom t u it de  ru w h eid  van 
d e  grensv lakken  van de  k w an tu m p u t s tru k tu u r. E chter, in  h o o fdstuk  4, w aar de 
excitonbew eging b e s tu d ee rd  w o rd t in  p re p a ra te n  van ex treem  hoge kwaliteit, d.w.z. 
w aarin  w an o rd e  zo goed  als verw aarloosbaar is, w ord t du idelijk  d a t voor re la tie f 
b re d e  k w an tu m p u tten  (200 A) en  bij lage tem p era tu ren , de  excitonen  wel degelijk  
in  h e t twee d im ensionale  vlak van d e  k w an tu m p u t k u n n e n  bew egen. B ovendien  
geschiedt de  bew eging van de  excitonen  over veel g ro te re  afstanden  d an  ooit 
w erd  v erm oed  in  theo rie  o f  experim en t, en  kan ook n iet langer v e rk laard  w orden
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d o o r lo u te r diffusie van  excitonen. O m  d it g ed rag  te verk la ren  in tro d u c e re n  we 
een m odel van in  h e t vlak p ro p ag e ren d e , excitonische po laritonen .
Sinds de  eerste  ex p erim en te le  w aarnem ing  van geladen  excitonen, d eb a ttee rt 
m en  over h u n  karak ter: zijn h e t vrijelijk bew egende deeltjes o f  zijn ze 
noodzakelijkerw ijs gelokaliseerd. In  h o o fdstuk  5 zien we dat, in k w an tu m p u tten  van 
ex treem  hoge kwaliteit, neg a tie f ge laden  excitonen  w egdrijven in  d e  aanw ezigheid  
van een  electrisch veld para lle l aan  he t vlak van  de  k w an tum pu t. Dit laat zien da t 
deze excitonen  in d e rd a a d  gezien  k u n n e n  w o rd en  als vrij bew egende  deeltjes. 
S te rker nog, de  re su lta ten  im pliceren  ook d a t h e t m ogelijk is om  optische excitaties 
te m an ip u le ren  m et een  e x te rn  aangelegd  veld.
H e t ex p erim en t, d a t in hoofdstuk  6 b eh an d e ld  w ordt, beschrijft h e t 
versch illende effect d a t een  ex te rn  m agneetveld  heeft o p  de  bew eging van  n eu tra le  
en  neg a tie f ge laden  excitonen . De d a ta  laat zien d a t deze excitonen  zich in  een  
dynam isch  equ ilib rium  m et e lkaar bev inden , en  d a t gelokaliseerde '  trionen ' 
on tstaan  d o o r d e  bew eging van  de  excitonen. H e t voo rnaam ste  effect van he t 
m agneetveld  is d a t h e t de  form atie  van  geladen  excitonen  u it n eu tra le  excitonen  
h in d e rt d o o r he t po lariseren  van  de  ex tra  e lectronen .
T o t slot w o rd t in  hoo fdstuk  7 de  m ogelijkheid  o n d erzo ch t om  de  bew eging van 
n eu tra le  excitonen  te m an ip u le ren  m et een  ex te rn  veld. Als ex te rn e  d rijvende 
k rach t w o rd t een  m agnetische v e ld g rad ien t gebru ik t: een  m agneet te r g ro o tte  van 
enkele m icrom eters w o rd t zo d ich t m ogelijk bij een  kw antum  p u t gezet, zodat een 
van plaats to t plaats v a rie ren d  m agneetveld  on tstaat, da t als gevolg heeft d a t de 
m agnetische en erg ie  van  de  excitonen  ook van plaats to t plaats varieert. Dit 
hoofdstuk  laat zien d a t h e t zo m ogelijk  is om  een  k rach t op  de  excitonen  u it te 
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